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ABSTRACT
The Sponge City Program (SCP) is a Chinese national-level policy initiative adapted
from low impact development (LID), sustainable urban water management (SUWM), best
management practices (BMP) and green stormwater infrastructure (GSI) systems from the
west. It was formally launched in 2014 with 30 pilot cities designated (16 in 2015 and 14 in
2016). The SCP’s primary goal was to ameliorate urban flooding created by rapid
urbanization and climate change, and it incorporated both green and blue infrastructure
strategies. China’s Sponge City construction guidelines (MOHURD, 2014) established the
Volume Capture Ratio of Annual Rainfall (VCRa) as the SCP’s key performance index.
More critically the general target VCRa goal of 70% annual rainfall was set for all Sponge
Cities (General Office of the State Council of the People's Republic of China, 2015). The
important role of capturing runoff was emphasized when evaluating resilient design for
flooding (Watson et al., 2010). Yet few studies have been conducted to assess the SCP’s
obtainability of the 70% VCRa, and the SCP literature is limited in terms of the SCP’s
effectiveness at the overall ecological assessment and continuous long-term assessment at
the larger catchment scale. These current studies suggest a knowledge gap in the literature
and this dissertation intends to contribute to filling this gap. It proposes an analytical
framework for assessing the SCP and its effectiveness with the VCRa as a significant
assessment metric. In formulating this assessment and analytical framework, a mixed
methods approach was utilized and included the case study method. This incorporated data
collected for the pre-sponge and post SCP periods for each case study. Three (out of 30 SCP
pilot cities designated in 2015-16) were selected for case study analysis: 1) Chongqing; 2)
Wuhan, Hubei; and 3) Zhenjiang, Jiangsu. Sets of data as imbedded units, and variables for
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the case study analysis of these SCP pilot cities were collected and analyzed sequentially.
These variables represented primary and secondary data sets, and were collected, generated
and analyzed sequentially through the following methods: 1) geospatial mapping and
machine learning to understand changes in land use and land cover by utilizing GeographicObject-based Image Analysis (GEOBIA), specifically using the proprietary software,
eCognition Developer 10.1; 2) archival research of precipitation rates and stream flows for
designated sponge districts in the three SCP case studies; 3) simulation models of 30 years
of annual precipitation (representing long-term continuous duration periods) to determine
changes to hydrologic properties; and 4) application of Hashimoto’s (1982) theoretical
framework and risk-based assessment for “reliability, resiliency, and vulnerability”.
Findings indicate the changes to imperviousness and land cover in the pre-sponge
and post-sponge varied for each case study. In terms of effectiveness, the results of the
simulation modelling indicate urban stormwater runoff is trending toward achieving the
VCRa 70% target rate for the SCP case studies. However, due to the unpredictability of
global warming and climate change, continuous rainfall, its frequency and average annual
precipitation rates are expected to change dramatically in the coming years. The application
of Hashimoto’s risk-based performance assessment for reliability, resiliency, and
vulnerability for the four districts in the three SCP pilot cities also indicates trends toward
achieving the VCRa 70% target. Taken together the three tools utilized in this assessment
approach establish a novel evaluation methodology and multidisciplinary framework for
understanding the SCP’s effectiveness and system performance. In this context, it represents
ways the convergence of tools from other disciplines creates a novel framework for
designers, planners and policy-makers to consider when evaluating the SCP, particularly the
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application of GSI in urban stormwater management.
Keywords: water resilience, performance assessment, China’s Sponge City Program,

stormwater management, sustainable urbanism.
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CHAPTER
1.
1.1.

INTRODUCTION

Background
China's cities have been experiencing more frequent urban flood hazards in recent

decades (Lo et al., 2015; Zheng et al., 2016). Up to 62% of China’s cities have been
experiencing a rapid increase of urban flooding in the past decades, where 351 cities in
China have suffered from severe floods between 2008 and 2010 (Lo et al., 2015; Zheng
et al., 2016). Evidence of urban flood impacts in China have been documented over the
last century (Chen, 2013). According to the Chinese National Bureau of Statistics (2012),
extreme flood events have posed threats to people's properties and lives; caused great
economic loss, deterioration of health conditions; and other socio-economic loss. In 2012,
major flooding caused USD$39 billion in direct economic losses, nearly 700 deaths, and
forced millions of people to evacuate (Chinese National Bureau of Statistics, 2012). One
key response to these extreme floods and increasing weather events caused by climate
change and global warming, was China’s creation of the national-level Sponge City
Program (SCP).
The existing literature indicates the significance of climate change (extreme
weather and longer duration rain events) and rapid urbanization (increasing population,
new high rise residential development and impervious land cover) on accelerated
flooding, water quality, degradation and over-burdening the existing subterranean
stormwater conveyance system in China (Du et al., 2012; Yang et al., 2013; Liu et al.,
2018). Specifically, evidence indicates the impacts of the rapid urbanization process have
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resulted in less groundwater recharge, increasing surface runoff volume and peak flows,
increasing contaminants and runoff temperature, and the acceleration of stream erosion
(Leopold, 1968; Walsh et al., 2005). As indicated earlier, China’s response deals with
resilience and sustainable urban development, particularly with the introduction of the
national-level Sponge City Program (SCP) initiative in 2014. This involves a new
paradigm in urban stormwater management design in China and is largely an adaptation
of western Low Impact Development (LID) and green stormwater infrastructure practices
(GSI) (Barlow et al., 1977; Malmqvist, 1999; Mitchell, 2006; Fletcher et al., 2015).
It’s important to note that this “sponge layer” is a new blue-green infrastructure
implemented as a supplement to the existing conventional stormwater infrastructure
system of subterranean pipes that convey surface water. This existing subterranean urban
drainage system was overburdened by China’s rapid urbanization of the last four decades.
The SCP’s blue-green infrastructure was intentionally added to China’s urban
fabric and was not intended to replace the existing subterranean urban drainage
infrastructure. This blue-green sponge infrastructure operates in parallel with the existing
conventional subterranean conveyance system. In terms of implementation of the SCP
policy, China’s provincial and municipal level local rural-urban planning bureaus carry
forward the various tasks and activities to operationalize the SCP and related guidelines.
The SCP’s main concept is to allow cities to act like sponges to absorb, capture,
and harvest water during wet periods for re-use during dry periods. According to the
Ministry of Housing Urban-Rural Development (MOHURD, 2014), one of the specific
goals is the target Volume Capture Ratio of 70% annual precipitation (VCRa). The
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existing literature has investigated the SCP’s primary goals including: 1) retaining 70–
90% of average annual rainwater onsite (Volume Capture Ratio of Annual Rainfall, or
VCRa) by applying the GSI concept and using LID measures (Kang & Ye, 2015; Randall
et al., 2019; Leng et al., 2020); 2) eliminating water logging and preventing urban
flooding (Li et al., 2020; Chan et al., 2018; Jiang et al., 2018; Ning et al., 2017; Hu et al.,
2018; McBean et al., 2018; Zhou et al., 2018); 3) improving urban water quality (Leng et
al., 2020; Wang et al., 2019; Zhao et al., 2018); 4) mitigating impacts on natural ecosystems (Shao et al., 2018; Huo et al., 2019; Zhou et al., 2018; Lin et al., 2018; Li et al.,
2019); and 5) alleviating the urban heat island impact (He et al., 2019; Liu et al., 2018;
Qu et al., 2013). The primary method utilized in the SCP is green stormwater
infrastructure (GSI), and includes green roofs, rain gardens and permeable pavement.
This is collectively referred to as Low Impact Development (LID), Sustainable Urban
Drainage Systems (SUDS), and other similar western sustainable and environmentallysensitive practices (Barlow et al,1977; Malmqvist, 1999; Fletcher et al., 2015). This study
acknowledges the SCP’s policy metric of the target VCRa noted above.
The current literature proposed several approaches to investigating the SCP
including hydraulic effectiveness (Hou et al., 2019; Wu et al., 2019), social and political
effectiveness (Li et al., 2017; Wang et al., 2017; Chang et al., 2018; Mei et al., 2018;
Zhang et al., 2019; Qiao et al., 2020; Wang et al., 2020), and assessment methodology
(Randall et al., 2019; Wang et al., 2019; Nguyen et al., 2020). There is little discussion in
the SCP literature on overall ecological assessment and continuous long-term assessment
at the catchment scale; the focus is on the impact of the SCP application on small-scale
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projects and the inundation caused by rising river water levels due to extreme flood
events. This study provides the opportunity to build on this work, and it considers the
river basin context connecting the SCP sites at the intermediary scale.
1.2.

Research Goals and Procedure
As noted above, this study acknowledges China’s SCP national-level policy

metric of the target volume capture ratio, VCRa (70% of the site’s annual precipitation)
as a key measure for the SCP’s effectiveness. This dissertation aims to investigate the
SCP’s effectiveness using Chongqing, Wuhan, Hubei province, and Zhenjiang, Jiangsu
province as multiple-case studies. The SCP’s effectiveness is investigated by specifically
examining one of the SCP’s primary goals, namely the VCRa mentioned earlier. It
considers the literature on resilient design and sustainable planning methods for
analyzing urban rainwater flooding at the broader catchment area, flood control
management, and water resilience. The three objectives of this research are to: 1)
investigate the performance of China’s SCP for meeting rainfall capture goals for the
multiple-case study areas in Chongqing; Wuhan, Hubei Province; and Zhenjiang, Jiangsu
Province; 2) provide a better understanding of the correlation of the SCP and urban
hydrological performance for future policy-making pertaining to sustainable and resilient
urbanism in China; and 3) to expand the literature on global sustainability and resilience
including urban storm water management, the development of flood control technology
and its application, and the urban watershed-scale in mixed-use development districts.
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Figure 1.1 Three realms of Knowledge

The overall goal of this study is to investigate the performance of China’s SCP.
The foundational research for this study draws from the literature of the three knowledge
realms: 1) sustainable urbanism; 2) water resilience; and 3) stormwater management. See
Fig. 1.1. This also represents a multidisciplinary research approach. The literature review
also established the theoretical framework and methods for collecting and analyzing data,
determined the knowledge gap, as well as informed the synthesis of this study’s
discoveries and findings.
1.3.

Research Questions, Propositions, and Significance

Several research questions guided this study:
•

General research question: How effective is China’s SCP on transforming urban

drainage systems into a water resource in the adaptive urbanization process?
•

Research Question 1: How does the application of the SCP impact the land cover

change?
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•

Rationale 1: To investigate the impact(s) of the SCP, particularly the level of

imperviousness between the ‘pre-sponge’ and ‘post-sponge’ urban conditions.
•

Research Question 2: How does the application of the SCP impact the volume

capture ratio of annual rainfall at the catchment level?
•

Rationale 2: To examine the impact(s) of the SCP on the performance of urban

stormwater management system, especially the ‘pre-sponge’ and ‘post-sponge’ urban
conditions.
This dissertation involves a study that investigates the green transformation of
urban stormwater management and is focused on environmental sensitivity, the “green”
sustainable and resilient approach, and ecological restoration and ecological practices in
China. It proposes to fill the knowledge gap indicated by the limited theories on the SCP
and its evaluation praxis. It also contributes to the literature on sustainable and resilient
planning and design methods for analyzing urban rainwater flooding in catchment areas,
flood control management, and water resilience.
1.4.

Operational Definitions

Definition of Green Infrastructure (GI)
According to the existing literature, green infrastructure has multiple definitions. In
the USA, the Environmental Protection Agency defines Green Infrastructure as a costeffective, resilient approach to managing wet weather impacts that reduces and treats
stormwater at its source while providing social, economic, and environmental community
benefits (USA EPA). The Clean Water Act in the USA defines green infrastructure as:
"...the range of measures that use plant or soil systems, permeable pavement or other
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permeable surfaces or substrates, stormwater harvest and reuse, or landscaping to store,
infiltration, or evapotranspiration stormwater and reduce flows to sewer systems or to
surface waters." (Water Infrastructure Improvement Act, 2019, p4)
Benedict and McMahon (2006) stated the meaning of GI is highly dependent on
the context where it is applied. Their study provides a loftier and broader definition of GI
as:
“… an interconnected network of natural areas and other open spaces that conserves
natural ecosystem values and function, sustains clean air and water, and provides a wide
array of benefits to people and wildlife. Green infrastructure is the ecological framework
for environmental, social, and economic health – in short, our natural life-support
system.” (Benedict and McMahon, 2006, “Why Green Infrastructure”, para 2)
Webber et al. (2020) examined the relationship between GI and urban runoff. In
their research the GI refers to drainage interventions including rain gardens, permeable
pavement, vegetation buffer strips, bio swales, sunken green space/overflow, rain harvest
barrels, underground rainwater storage/filtration system, bioretention gardens, and
stormwater wetlands and emphasized two approaches of GI and its application: 1)
infiltration-based techniques (i.e. Fig.1.2) that enhance the restoration of baseflows
through the groundwater recharge of subsurface flows; and 2) retention-based techniques
(i.e. Fig.1.3) that retain stormwater and reduce the volume of outflow (Fletcher et al.,
2015).
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Figure 1.2 An example of infiltration-based green infrastructure – Permeable Pavement by BioSpan Technologies Inc.

https://www.forconstructionpros.com/asphalt/article/21134321/how-it-works-porous-asphalt-pavements. Copyright by BioSpan
Technologies Inc.

Figure 1.3 An example of retention-based green infrastructure – Bio Swale by Marthe Derkzen.

https://www.thenatureofcities.com/2016/07/24/what-do-rotterdammers-want-in-green-infrastructure-we-asked-them/. Copyright by
Marthe Derkzen

Definition of Green Stormwater Infrastructure
This research narrows the GI definition to focus on the stormwater perspective.
Green stormwater infrastructure (GSI) refers to stormwater management systems
designed to mimic natural hydrological processes (USA EPA, 2014). These systems
enhance the significance of infiltration, evapotranspiration, storage of stormwater at its
source and for its re-use. Thus, reducing the runoff volume into the existing conventional
conveyance system of subterranean drainage pipes. Fig 1.4 illustrates the range of
different types of landscape features applied in the GI and GSI in the literature.
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Figure 1.4 Different types of landscape features in urban stormwater management

Definition of Impervious surface
Impervious surface is a major component of urban infrastructure and its
expansion could have a negative impact on the function of the urban ecosystem. These
horizontal ground surfaces can be easily identified in the urban environment with
conventional building materials such as concrete and asphalt. A more recent study
conveyed the widely accepted definition of impervious surfaces in urban area as “…
anthropogenic features through which water cannot infiltrate the soil, including roads,
driveways, sidewalks, parking lots, rooftops, and so on…” (Lu & Weng, 2006, p146).
This study builds upon Lu & Weng (2006) where imperviousness refers to the
impenetrable horizontal surfaces including building footprints and roofs, parking lots, and
streets. This study also considers other built-up areas like paved sidewalks, hardscaped
plazas and excludes porous or permeable lands like vegetation (Ridd, 1995). Given bare
soils in the urban area are heavily compacted with problematic infiltration rates, this
study rendered them impermeable. This research classified bare soil areas in in the
category of parking or paved pedestrian areas (PPPA).
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Definition of the Sponge City Program (SCP)
The Sponge City Program (SCP) is defined as a national-level stormwater
management program that seeks to ameliorate urban flooding by increasing resilient and
sustainable water management practices through the storage, cleansing and improved
water quality in China’s urban hydrological system (MOHURD 2014). Implementation
commenced in April 2015 by the multi-agency government coalition including the
Chinese Ministry of Finance, Ministry of Housing and Urban Development, and Ministry
of Water Resources with central government special funds set aside for a 3-year period
with 30 pilot cities selected after a comprehensive evaluation by this agency (MOHURD,
2015).
As noted earlier, the SCP is broadly a ‘layer’ of green stormwater infrastructure
added to China’s urban fabric and existing drainage system. It is not intended to replace
the existing conventional subterranean drainage infrastructure system but operates in
parallel (MOHURD, 2014). The main idea of the SCP implementation is based on the
construction of multi-scaled GSI for improved water quality and urban ecosystems; and
for alleviating water challenges in China, including water scarcity, severe water shortages
and severe water pollution (Yu et al., 2015).
Definition of Runoff Volume capture ratio (VCRa)
It is important to note China’s concept for the Sponge city is experimental and
intended to mitigate severe flooding and extreme weather events, especially dealing with
the overburdened existing stormwater infrastructure system. The SCP policy promotes
urban resilience and sustainable development. According to the Guiding Opinions of the
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General Office of the State Council on Advancing the Construction of Sponge Cities
(2015), a general goal has been set for all Sponge Cities with a target volume capture
ratio of 70% annual rainfall. This research accepts this national level policy metric for
effectiveness and acknowledges its limitations.
The Volume Capture Ratio is defined as: “ratio of amount of accumulated annual
rainfall under control, through natural and artificial intensified infiltration, retention and
storage, collection and reuse, in the field to the total rainfall in one year” (General
Office of the State Council of the People's Republic of China, 2015, p63)
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2.
2.1.

LITERATURE REVIEW AND THEORETICAL FRAMEWORK
Sustainable Urbanization

Urban hydrology is an applied science that focuses on areas with high levels of
human intervention with urban water challenges. As a specialization within hydrology
focused on cities, urban hydrology is believed to have increasing significance in the
sustainability of human societies (Niemczynowicz, 1999; Bedient et al., 2008). Hall
(1984) first proposed the definition of urban hydrology as examining the impacts of
urban development on hydrological and water quality dynamics. Hall’s (1984) work
inspired urban hydrology as its own avenue of research.
Current research has addressed the importance of urban drainage as a critical
challenge given the expansion of worldwide urbanization and the resulting impact on
urban stormwater and related human and aquatic ecosystems. Unlike urban hydrology,
urban drainage as a concept can be dated back to 3000 BC and focused primarily on
transporting surface water away from urban areas. Evidence indicates that conventional
approaches to stormwater management have caused changes to flow regimes by changing
patterns and volume of infiltration, evapotranspiration, and surface and subsurface flows
(Wong & Eadie, 2000). Additionally, the literature indicates drawbacks from the
conventional subterranean conveyance approach to urban stormwater management,
including fragmentation, lack of flexibility, energy intensive, and the limitations for longterm development (Houle et al., 2013).
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2.1.1. Urban stormwater control measures and variation of features
Randolph (2012) notes the increasing complexity and effectiveness GSI
implementation and maintenance in the USA over the past decades. In Randolph’s (2012)
research, the development of stormwater management in the USA is described in several
periods: pre-1970 structural stormwater management (SWM); 1970s-80s good drainage;
1990s-2000s low impact SWM; and post-2010 sustainable SWM. The control measures
after 2010s are referred to as low-impact development (LID) practices. This utilizes
natural and biological methods that focus on distributed and onsite practices, and
emphasizes onsite development ordinances and stormwater impact fees (Randolph,
2012). The LID practice is regarded as a “near nature” or biomimetic concept with
intentions to reduce the negative impact of climate change on urban flooding (Goncalve
et al., 2018; Zhu et al., 2019). LID technologies include porous surfaces like permeable
paving and vegetated areas (Huang et al., 2015), green roofs, raingardens, infiltration
tranches, bio-retention cells, bio-retention swales, bio-retention ponds (Yang & Cui,
2018; Zhu & Chen, 2017), and rainwater harvesting and storage rain barrels (Yang et al.,
2020). These are also referred to as low-impact and light-impact methods. LID practices
also include daylighting and the establishment of water bodies, and entails bringing
stormwater out of existing drainage pipes into the daylight as a natural stream. These LID
practices were applied to manage development density, impervious cover minimization,
and onsite control. Design methods for these measures include integrative models and
development principles that reflect resilience urbanism, sustainability, and Smart Growth
(Girling, 2010). These ecological development approaches have been applied in the USA
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through programs and ordinances with federal/state oversight, sustainable community
planning, and ordinances, and emphasize best management practices.
The structural measures of GSI can be categorized according to different design
concepts that emphasize the water quality control and/or volume reduction (Randolph,
2012). Most of the structural measures are dealing with both water quality and volume
reduction control with infiltration-based, filtration-based, bioremediation-based,
evapotranspiration-based, and retention-based technologies. Table 2.1 summarizes the
LID structural measures listed in Randolph’s research. In a more recent study Pour et al.,
(2020) provide an overview of GSI techniques and applications and reflect no additional
advances to GSI. These practices are well recognized for reducing the ‘effective
impervious area’ of urban watershed area directly connected to the stormwater system
(Booth and Jackson, 1997); and these may also be applied near the source or at the end of
the catchment. For example, infiltration-based GSIs (swale system, infiltration trenches,
basins, rain gardens, sand filters, permeable pavement, etc.) can enhance the restoration
of baseflows through the recharge of subsurface flows and groundwater (Fletcher et al.,
2013). Retention-based GSI systems retain stormwater to reduce outflow (Fletcher et al.,
2013). Typical retention-based techniques include green roof, wetland, retention pond,
and rainwater harvesting measures (rain barrel/cistern, storage basin).
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Hydrologic Parameter
Design Concept
Volume reduction and
pollutant removal

Low-impact Measures

Method

Porous pavement
Infiltration basin
Infiltration bed
Infiltration swale, trench
French drain, dry well
Rain garden

Infiltration
Infiltration
Infiltration
Infiltration
Infiltration
Bioremediation,
Infiltration
Bioremediation
Bioremediation
Bioremediation
Bioremediation,
evapotranspiration
Bioremediation,
evapotranspiration
Evapotranspiration
Capture/potable use
Capture/nonportable
use

Bioremediation bed
Vegetated filter strip
Vegetated swale
Planter box
Constructed wetland
Vegetated roof
Rooftop capture, storage
Rooftop capture, storage
Pollutant removal
Rate mitigation
Other

Site capture, storage irrigation use
Manufactured systems
Sand filter
Wet pond
Detention basin(dry)
Vegetated basin
Vegetation, soil restoration

Filtration
Filtration
Bioremediation
Detention
Detention, limited
bioremediation

Table 2.1 Summary of LID Structural Measures (Randolph, 2012)

GSI varies according to scale, timing, objectives, and spatial location. Randolph
(2012) notes the different types of land uses is one of the criteria for selecting and sizing
GSI. Randolph’s (2012) selection matrix was adapted from the research by State of New
York in 2012 that categorized GSI based on different land uses: rural, residential, roads
and highways, high-density commercial, hotspots, and ultra-urban. Table 2.2 adapts
Randolph’s matrix and adds to the research on each GSI’s concept; and provides a better
understanding of strategies for stormwater management under different geographic and
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spatial conditions. Another study investigated the application of different LID types using
hydrological modelling and simulation methods in Beijing, and parameters were assigned
to each LID type in the model (Randall et al., 2019). LID and GSI practices in the SCP
construction Guidelines and will be further discussed in Chapter 4, Data Analysis and
Research Findings.
Design
Concept
Volume
reduction
and
pollutant
removal
Pollutant
removal
only

Rate
mitigation
only

Rura
l

Residential

Roads &
Highways

Commercial
High-Density

Hotspots

UltraUrban

Bioretention
Pond/wetland
Infiltration
trench
Dry well
Wet pond
Surface sand
filter
Underground
sand filter
Perimeter
sand filter

?
Y

?
Y

Y
N

Y
?

A2
A1

Y
N

?

?

Y

Y

N

?

?
Y

Y
Y

N
Y

?
?

N
A1

?
N

N

?

Y

Y

A2

Y

N

N

?

Y

Y

Y

N

N

?

Y

Y

Y

Dry swale

Y

?

Y

?

A2

?

GSI

Y = Yes. Good option in most cases.
? = Depends. Suitable under certain conditions or may be used to treat a portion of the site.
N = No. Seldom or never suitable.
A1 = Acceptable option, but may require a pond liner to reduce risk of groundwater contamination
A2 = Acceptable option, if not designed as an ex-filter.
Table 2.2 Green stormwater infrastructure selection matrix for various land uses (Source: Adapted from Randolph,
2012)

Table 2.2 summarizes the existing theories and practices in terms of applications
of GSI for different land uses. According to the study in the State of New York (2012),
wet ponds, wetlands, and dry swale were preferred in the most rural cases. The literature
has discussed the use of these practices with respect to their effectiveness with removing
pollutants through infiltration and bio-purification processes (Benedict & McMahon,
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2006; Horwood, 2011; Barbosa et al., 2012; Fletcher et al., 2013; Massoudieh et al.,
2017; Webber et al., 2020). In addition, filtration-based GSI systems, including surface
sand filters, underground sand filters, and perimeter sand filters, are considered
unsuitable for rural development where the focus was on runoff volume control rather
than improving water quality. In residential settings, GSI systems that combines water
quality and runoff volume control (pond/wetland, dry well, and wet pond) are preferable,
while the sand filter measures are not recommended.
According to Randolph (2012), the high-density commercial land use seems to
have the most flexibility in selecting stormwater control measures. In this case,
infiltration trenches, channelized landform with gravel, soil and flood resistant
vegetation, are recommended to control and improve runoff through infiltration,
sedimentation, and filtration (Nara et al., 2005; USA EPA, 2000). Bioretention (rain
gardens) refers to sunken green spaces that reduce peak flow and urban runoff, and is also
recommended (USA EPA, 1999). Since bioretention ponds are designed to mimic natural
hydrological features, studies indicate these can be efficient to capture runoff, emphasize
infiltration and groundwater recharge, promote evapotranspiration, reduce peak flow, and
reduce pollutants (Ahiablame et al., 2012; Dietz & Clausen, 2008).
The location of GSI for hotspots (areas with potentially high pollution) focuses on
pollutant removal rather than reducing the runoff volume; and its purpose is to protect or
restore the ecological network. It should be noted that introducing more surface water
bodies including wetlands and wet ponds were not suitable for the ‘ultra-urban’ land use
(Fletcher et al., 2013). The limited capacity of wetlands and retention ponds in the city
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may result in challenges created by flooding during extreme rainfall events (Fletcher et
al., 2013; Pour et al., 2020). On the other hand, rainwater harvesting measures contribute
significantly to improving water conservation capacity and reducing stormwater runoff
(Fletcher et al., 2007; Yang et al., 2020). For example, dry wells were sometimes
implemented along with green roofs (the application of groundcover and infiltration
layers above waterproof membranes). This provides an effective way of reducing urban
runoff through harvesting surface runoff and stormwater.
2.1.2. Urbanization Effects and Sustainable Water Management in China
It is widely recognized that China’s rapid urbanization since the 1970’s has
caused major environmental destruction and increasing devastation to the nation’s natural
resources. By the early 21st century, China acknowledged the direct link between the
impaired natural environment and people’s health. This shift towards sustainability
occurred with President Hu’s “people-first” strategy circa 2007 versus Deng Xiaoping’s
“growth first” strategy (Padua, 2020). President Xi’s leadership started around the time
China was experiencing extreme weather events and major flooding. It was under his
leadership that Xi was introduced to the blue-green resilient sponge concept and this
precipitated the SCP.
To better understand the institutional aspects of China’s SCP, ‘green’ urban
policies in China are summarized. China’s central government proposed the national
development plan emphasizing the ‘Ecological Civilization’ approach towards the green
economy and ‘to build a resource-saving and environment-friendly society’ (18th Party
Congress Report, 2012). In addition, the central government has introduced various
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national green or sustainable and resilient-based urban initiatives: Low Carbon City,
Water Conservation City, Smart City, among others (National Development and Reform
Commission, 2010; Hu, 2004, MOHURD, 2014). Climate change and related extreme
weather events have contributed to the environmental challenges of China’s last four
decades of rapid urbanization.
Fig.2.1 illustrates China’s SCP. As noted earlier, the SCP is additive and expands
the capacity of the existing conventional subterranean stormwater management
infrastructure systems. The SCP applied western low impact development (LID) control
to buildings and communities, city roads, green spaces and squares, and watersheds
(MOHURD, 2014).

Figure 2.1 Sponge City Program proposed strategies (source: adapted from MOHURD, 2014)

It’s worth noting that China’s stormwater management and all national policies
are highly influenced by the interaction between the central and local governments. The
political system in China is organized along a typical top-down hierarchy where local
governments are asked to implement the decisions from the central government (Qi et al.,

19

2008). The case of the SCP urban initiative also falls into this category as it involved
early-stage pilot testing onsite, the initiation and evaluation by the central government,
implementation at the local level, followed by evaluation. Table 2.3 summarizes the
stages of the SCP development related to the city of Wuhan from concept development to
implementation.
2003 Yu introduced the Sponge City concept, as an integrated ecological infrastructure system
2005 Beginning of Pilot projects to test Green Stormwater Infrastructure in China
2012 Sponge City concept was proposed in the ‘International Low-Carbon Forum of Regional
Development’ in Shenzhen
2013 Sponge City incorporated into China’s national development strategy
2014 A national handbook for Sponge City Construction was prepared by Ministry of Housing
and Urban-Rural Development
2015 First 16 pilot cities were selected by the national government with financial support The
launch of ‘Performance Evaluation and Assessment Indicators for Sponge City
Construction’ takes place (MOHURD, 2015)
2016 Another 14 cities were selected by the national government with financial support.
Establishment of Sponge City Pilot Office in Wuhan Water Affairs Bureau
Comprehensive Planning and Design Guidelines for the SCP issued by Wuhan Water
Affairs Bureau
2017 Sponge City is required to be included in the Report On The Work Of The Government
Hubei provincial government published a notice to accelerate the progress of the SCP.
(Hubei Provincial Government, 2017)
2018 Initiation of ‘‘Assessment Standards for Sponge City Construction’ (MOHURD, 2018)
Table 2.3 Stages of the SCP development in China

The implementation of the SCP at the local level is evaluated through a threestage process: 1) self -assessment by the city; 2) reviews of the results by the provincial
government and/or third party, and 3) the evaluation by the Ministry of Housing and
Urban-Rural Development. The results from the nation-level evaluation are considered
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political and highly affects central government’s financial support and career paths of
local officials (Dai et al., 2014).
Overall, the SCP is seen as an innovation and experiment in the institutional
governance in China, as well as their practices for resilient and sustainable urban
planning and design. The SCP is considered significant in the role of urban hydrology
stormwater management and its performance (Chan et al., 2018; Chen, 2018; Hu et al.,
2018; Jiang et al., 2018). Another aspect of the SCP is water harvesting and storage for
re-use as a water supply for domestic irrigation. Chinese researchers have argued that the
top-down approach is intended to make the SCP’s implementation efficient with a wellplaced evaluation system, technical guidelines, and direct funding (Wu et al., 2015; Lan
& Feng., 2018). This research acknowledges the potential limitations of a top-down
central government approach. However, this research investigates ways to evaluate the
SCP as national stormwater management policy as part of sustainable urbanism and
China’s broader goal for ecological civilization construction.
2.2.

Water Resilience

2.2.1. The concept of Water Resilience
In the current literature, resilience, as a key system measurement for sustainability
has attracted increasing attention (Ahern, 2013; Cheng & Zhou, 2015; Salat, 2017). The
term originated from the mechanics of describing the power of an object to resume its
original shape. Resilience as a concept was first introduced by Holling (1973) as the
ability of a system to absorb disturbances and recover from the impact of these
disturbances. The definition of “resilience” is widely accepted and its application or
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approach in different areas or topics vary to the degree of specificity in their definition.
Current studies intended to identify resilience in different approaches. The U.S.A
National Infrastructure Advisory Council defines infrastructure resilience as:
“Infrastructure resilience is the ability to reduce the magnitude and/or duration of
disruptive events. The effectiveness of a resilient infrastructure or enterprise depends
upon its ability to anticipate, absorb, adapt to, and/or rapidly recover from a potentially
disruptive event.” (National Infrastructure Advisory Council, 2009, p8)
Yet the nature of water resilience is defined in terms of sustainability and is
composed of social sustainability, environmental sustainability, and economic
sustainability, and involves interactions among human, technological and environmental
components (Blackmore et al., 2008). The resilience of the people-nature system is
identified as “social-ecological system” by scholars (Berkes & Folke, 1998), and is now
widely accepted in the literature on sustainability.
The research focus of this dissertation departs from Holling’s (1973) concept of
resilience as the ability of a system to absorb disturbances and recover from the impact of
these disturbances. For measuring system performance, Hashimoto (1982) developed a
method of performance evaluation for water resource systems that later influenced
applied multi-attribute utility theory (Keeney & Raiffa, 1993). In this theory, reliability,
resiliency, vulnerability criteria are measures of a system’s performance (Hashimoto et
al., 1982). It is believed to be applicable to systems where failure corresponds to
inconvenience or economic loss, and is possible to recover from the failure and achieve a
satisfactory state (Dandy et al., 2017). Several studies have adapted this theory for
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various water resource or infrastructure performance evaluation. (Kjeldsen & Rosbjerg,
2004). These three evaluation criteria (reliability, resilience, vulnerability) are defined
solely in terms of the of the “satisfactory” or “non-failure” state. Hashimoto’s method
(1982) indicates: a) reliability as the probability of the system remaining in a nonfailure/satisfactory state; b) resiliency refers to the ability of system to return to a nonfailure/satisfactory outcome; and c) vulnerability refers to the likely damage from a
failure event. Hashimoto’s multi-attribute method illustrates a risk-based performance
measure that focuses on identifying and quantifying certain aspects of uncertainty. This
dissertation explores the SCP by applying Hashimoto’s systems-oriented risk-based
performance method especially his concepts for reliability, resiliency, and vulnerability.
2.2.2. Resilience and Stormwater Management
In this section, the literature on resilience and stormwater management provides
an alternative to the conventional stormwater subterranean conveyance system of
drainage pipes. The conventional stormwater management assumes the application of
impervious surfaces can reduce the chance of site flooding by quickly discharging excess
overflow off site (Wong & Eadie, 2000). However, evidence indicates this approach
results in increased flood flows, potential reduction in baseflow, and watershed erosion
(Leopold, 1968; Burns et al., 2012; Hammer, 1972).
Western theories and practices of stormwater management in terms of resilience
and sustainability have evolved over the last 50 or more years. This includes Best
Management Practices (BMPs) from 1972 (USA EPA 1993) and Low Impact
Development (LID) from 1990 in USA and Canada. USA’s 1972 Clean Water Act
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provides guidance for stormwater management and water quality. Since 1989 Germany
has adapted Natural Drainage Systems (NDS) with the UK’s adoption of the Sustainable
Drainage System (SUDS) since the late 1990s and Water-sensitive urban design (WSUD)
in Australia since 1994 (Sharma, 2008; Whelans et al., 1994). China’s Sponge City
Program (Yu et al, 2015) is the most recent resilient and sustainable initiative that largely
adapts western practices. These theories and practices illustrate water resilience
development and incorporate water resource protection, stormwater management and
wastewater reclamation. The concept shared by these strategies is to make use of green
stormwater infrastructure (GSI) to create ‘blue’ and ‘green’ spaces for stormwater
management and to enhance hydrological benefits of the ecosystem. This stormwater
infrastructure concept involves various activities for dealing with urban water surface
run-off including retain, detain, convey and preserve urban stormwater runoff, encourage
infiltration and groundwater recharge, reduce erosion, and filtration of unwanted
pollutants (Barbosa et al., 2012).
Several examples of GSI and best stormwater management practices exist in the
USA. For example, in the City of San Jose, CA, the stormwater regulations are based on
USA and State laws. In these cases, runoff volume and quality are controlled before
entering the storm drainage system, specifically through the Municipal Regional
Stormwater NPDES (National Pollutant Discharge Elimination System) Permit provided
by the Regional Water Quality Control Board (Wagner, 2020; Molla, 2020). These
stormwater control measures were implemented through the City Council Policy with the
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C.3 Stormwater Handbook (2016) established by the Santa Clara Valley Urban Runoff
Pollution Prevention Program.
Another example is the Maryland Stormwater Management (SWM) Program and
Washington Stormwater Management represented in Randolph’s 2012 research where he
describes ways stormwater management operates at the state level. The Maryland
Stormwater Design Manual, developed by the Maryland Department of the Environment,
provides design criteria and procedures for local governments including site design
criteria, sizing techniques, a model SWM ordinance, among others. On the other hand,
the Washington Stormwater Management is guided by the Puget Sound Manual
developed in response to the Puget Sound Water Quality Management Plan in the local
Municipal Separate Storm Sewer System (MS4) and stormwater programs. Both
programs incorporate GSI implementation that emphasizes infiltration,
evapotranspiration, and stormwater re-use.
2.2.3 Sponge City Program (SCP) and Stormwater Management in China
As noted earlier, China’s SCP is an innovative and experimental urban program
that adapts western GSI and LID practices. It is considered a major resilient and
sustainable approach to mitigate China’s flood control challenges. The SCP was formally
introduced in China in 2014 as a new paradigm for enhancing water resilient urban
design with the objective of rainwater recycling through increasing the surface water
volume capture ratio of the catchment area. Hence, creating the opportunity for
harvesting and storing surface water for re-use. It optimizes the use of GSI by increasing
infiltration and storage of urban runoff through the using of permeable pavement,
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bioswales, retention ponds, and wetland restoration (MOHURD, 2014). The SCP
involved the designation of 30 pilot cities (16 in 2015 and 14 in 2016) with the intention
to test and demonstrate the “sponge” concept (Fig.2.2).

Figure 2.2 Sponge City pilot cities 2015-2016 and Case Study Cities

The main idea of the SCP is to allow cities to act like sponges to absorb, capture,
and harvest water during wet periods for re-use during dry periods. The State Council
(2015) designated specific goals for the SCP pilot districts. See Table 2.4. One of China’s
State Council’s (2015) primary goals designated the target Volume Capture Ratio of 70%
annual precipitation or VCRa. Table 2.4 summarizes the SCP’s major goals and related
literature that have investigated these goals. It is also important to acknowledge that,
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unlike LID, the desire to return the site to its pre-development hydrological state is not
the intention of the SCP. The intention of the SCP is to add a blue-green infrastructure
layer to improve the capacity of existing stormwater management systems considered
over-burdened from rapid urbanization and climate change.
Primary SCP Goals (General Office of the State
Council, 2015)
Retaining 70–90% of average annual rainwater
onsite (Volume Capture Ratio of Annual Rainfall,
or VCRa) by applying the GSI concept and using
LID measures
Eliminating water logging and preventing urban
flooding
Improving urban water quality
Mitigating impacts on natural eco-systems
Alleviating urban heat island impacts

Literature

Kang & Ye, 2015; Randall et al., 2019;
Leng et al., 2020
Li et al., 2020; Chan et al., 2018; Jiang et
al., 2018; Ning et al., 2017; Hu et al., 2018;
McBean et al., 2018; Zhou et al., 2018
Leng et al., 2020; Wang et al., 2019; Zhao
et al., 2018;
Shao et al., 2018; Huo et al., 2019; Zhou et
al., 2018; Lin et al., 2018; Li et al., 2019
He et al., 2019; Liu et al., 2018; Qu et al.,
2013;

Table 2.4 Primary SCP goals and related literature

When the SCP was officially initiated, the central government provided seven
completed projects as showcases in its guidelines (Yu et al., 2015). These projects
promoted adding ‘blue-green’ infrastructures to the existing infrastructure, essentially
expanding the capacity of the existing stormwater management, the so-called gray
infrastructure system. The scope of these pilot projects includes modifications to existing
municipal roads, green roof projects, new rainwater harvesting systems in park design, as
well as water pollution control, and urban river restorations. These practices contributed
to the formulation of early prototypes for the national SCP, essentially testing the resilient
and sustainable concept of the ‘sponge’ in parks, roads, and residential development (Xia
et al., 2017). Implementation of the national SCP project demonstrates ways water
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management can serve as an infrastructure to guide the planning of urban space. The
overall objective of the SCP is to make use of the Green Stormwater Infrastructure (GSI)
to create ‘blue’ and ‘green’ spaces for stormwater management by enhancing
hydrological benefits and ecosystem services through watershed restoration and
mimicking natural hydrological processes in the city. In addition, water is captured,
harvested and stored for later irrigation use. The variables that may affect the
performance of the SCP in terms of urban form and resilience include imperviousness,
urban sprawl, and development density (Mejía & Moglen, 2010; Liu et al., 2018, Du et
al., 2012).
Imperviousness deals with the horizontal surfaces and relationship to urban
stormwater; land uses and related land coverage (Lu & Weng, 2006). Areas within a city
containing sealed or impervious horizontal ground surfaces may impact the local
hydrologic character; and disrupt groundwater recharge, generate more urban water runoff, and cause negative impacts to existing water resources (Wilson & Chakraborty,
2013; Larco, 2015; Stankowski, 1972; Hatt et al., 2004). These impervious areas are
often related to the city’s built form, development density, city size in terms of
population, spatial coverage and hard surface areas (Louf & Barthelemy, 2014; Ahmad &
de Oliveira, 2016).
It’s important to note the SCP does not intend to restore any city to its original
natural ecosystem including natural hydrology. The State Council (2015) saw this
initiative as part of China’s urban experiment to improve the impaired natural
environment and especially was intended to mitigate the existing over-taxed stormwater
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management infrastructure system and falls within the national perspective for urban
resilience and sustainable development.
This dissertation acknowledges the existing stormwater infrastructure may affect
the performance of the SCP. It is recognized that precipitation in urban areas quickly
flows as surface runoff into the stormwater drainage system (pipes and/or ditches),
eventually emptying into water bodies and sometimes contributes to urban flooding
(Forman, 2014). Evidence indicates that conventional approaches to manage stormwater
have caused changes to flow regimes by changing patterns and volumes of infiltration,
evapotranspiration, and surface/subsurface velocities and flows (Dietz & Clausen 2008;
Horwood, 2011; Burns et al., 2012; Fletcher et al., 2015).
Recent SCP literature examined the challenges of the SCP implementation
including the significance of understanding the differences in urban patterns, built form,
transportation, urban ecosystems, and green open spaces within each city (Cui et al.,
2016; Zhang et al. 2016). The literature notes the performance of the SCP’s
implementation is site-specific and site dependent. Therefore, the design, application and
success of GSI utilized in the SCP must take the specific conditions of the demonstration
site into consideration (Zahmatkesh et al., 2015; Passeport et al., 2013). Additionally, the
SCP literature primarily investigated the LID performance of individual lots or small
catchments in China through the use of hydrologic modelling (Jia et al., 2014; Gao et al.,
2015; Cheng et al., 2018). Hence, studies on the larger catchment scale are limited. One
of the goals of this research is to examine the larger catchment scale and builds on
Fletcher (2013), where this larger scale is considered a more effective scale to understand
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the interrelationships between rainfall, and the urban built landscape including
stormwater management.
2.3.

Performance Assessment
A comprehensive review of the literature on sustainable stormwater management

contributes to understanding performance evaluation. Previous studies have investigated
the performance of GSI on the reduction of pollutants and runoff volume and indicate
successes in water quality improvement and runoff reduction (Benedict & McMahon,
2006; Horwood, 2011; Massoudieh et al., 2017; Webber et al., 2020).
2.3.1. Hydrological Modelling
The use of rainfall-runoff models has become a widely accepted practice in the
past decades for designing detention storage or watershed design with storage capacity as
an important design factor (Pilgrim, 1986). According to James and Burges (1982) the
term “rainfall-runoff model” refers to the method of using rainfall data as a major input
when generating estimates of runoff; and rainfall-runoff models are considered either
event models or continuous simulation models. Event models typically focuses on the
individual storm event, while the continuous simulation models operate for a sustained
period. In modelling a long period with a series of flood events that contains various
magnitudes, this application of continuous simulation model may provide more
opportunity for researchers to compare results with observed runoff (Elliott & Trowsdale,
2007; Du et al., 2012; Fletcher et al., 2013; Fry & Maxwell, 2018; Goncalves et al.,
2018).
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Many hydrological models emerged in response to the need for performance
evaluation in stormwater management including Stormwater Management Model
(SWMM) (USA EPA, 1971); System for Urban Stormwater Treatment and Analysis
(SUSTAIN) (USA EPA,2003); and models with more hydraulic approaches (L-THISLID, COMSOL Multiphysics, VS2D, Hydrus 1D/2D/3D). Other urban runoff models
deal with implementing water sensitive urban design by engineers and planners in a
planning framework (Jacobson et al., 2011). The extent to which GSI can be applied on
small catchments and the resulting hydrological impact has been investigated with
hydrologic modelling in developed countries (USA, UK, Australia, Netherlands).
However, the research foundation for applications of GSI in developing countries like
China’s SCP remains limited.
The growing body of knowledge on the SCP indicates gaps in the current
literature in terms of evaluation, and the impact of the SCP on the larger catchment scale.
In addition to the assessment scale, the literature also addresses the national policy index,
VCRa, that correlated to the scale. As noted earlier, the VCRa has been identified as one
of the key performance indices in the Sponge City construction guidelines (MOHURD,
2014); and this research acknowledges and accepts the VCRa as a significant
performance metric for the SCP. Applying the continuous modelling and simulation
strategies in the performance assessment of the SCP indicate hydrologic changes as a
result of LID practice (Li et al. 2017; Khin et al., 2016; Kong et al., 2017). However, it is
important to address the differentiation between the VCRa from the basic LID principles
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that the 70% target may violate LID in some areas based on their pre-development
hydrological characteristics.
2.3.2. SWMM
With the development of computer software technologies, simulating runoff
models has been an accepted methodology and instrument for the hydraulic, structural
and environmental assessment in planning and design research (Niemczynowicz, 1999;
Zoppou et al., 2001; Jacobson et al., 2011). Hence, many studies incorporated
hydrological models to meet the growing need for the performance evaluation of
stormwater management systems. In this context, computational models have been used
to evaluate the effects of stormwater and assist design applications such as LID, GSI, and
sponge city construction (Li et al., 2018, Luan et al., 2019). Among all these models in
the literature the Stormwater Management Model (SWMM) is frequently applied and
widely accepted (Huber & Dickinson, 1988; Rossman, 2015). This is primarily due to its
open-source code, simple structure, and low input requirement (Obropta & Kardos,
2007). Typical applications of SWMM include design and sizing drainage system
components, flood plain mapping of natural channel systems, quantifying urban nonpoint
source (NPS) pollution, control of combined sewer overflow, and assessing the
performance of SUDS and LID in achieving sustainable goals (USA EPA, 2000).
SWMM is a semi-distributed dynamic rainfall-runoff simulation approach that
can be applied for a single event or long-term (continuous) simulation of runoff volume
from primary urban areas (Rossman & Huber, 2016). According to James & Burges
(1982) the term ‘rainfall-runoff model’ refers to the method of using rainfall data as a
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major input for generating an estimated runoff. A long calibration period with various
hydrological conditions can increase confidence in model results and the application of
continuous simulation model could provide more comparative data with field research of
observation runoff (James & Burges, 1982).
Figure 2.3 illustrates the processes utilized in the SWMM model (Huber et al.,
1988; Rossman, 2015); and the SWMM model contains six primary components
including: 1) external forcing data (e.g., precipitation); 2) land-surface component
(surface runoff and infiltration); 3) subsurface component (groundwater); 4) conveyance
system (i.e., pipes, channels, flow regulators, and storage units); 5) water quality
component (contaminant buildup, wash-off, and treatment); and 6) LID controls (added
in 2010). Table 2.5 summarizes the methods applied to each component from SWMM
model (Niazi et al., 2017).

Figure 2.3 The processes considered in the SWMM model (Source: Huber et al., 1988; Rossman, 2015)
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Component
External Forcing Data
• Temperature
• Evaporation
• Precipitation
• Snowmelt modelling
Land-Surface Component
• Surface Runoff
• Infiltration
Subsurface Component
Conveyance System
Component
Contaminant Buildup &
Transport
LID Controls

Method
• Minimums and maximums temperature
• Hargreaves method (Hargreaves & Samani, 1985)
• National Weather Service’s SNOW-17 model (Anderson,
2006)
Water balance in every idealized rectangular basin
(Shubinski et al., 1973)
• Horton’s method (Horton, 1940),
• Green-Ampt method (Green & Ampt, 1911),
• CSC Model (Akan & Houghtalen, 2003)
Assigning a vadose zone and a deeper groundwater zone to each
subcatchment
• Kinematic wave routing
• Dynamic wave routing
The functional relationship governing pollutant
buildup and wash-off are selected based on specific pollutant
characteristics.
Modeled as interconnected, fully mixed layers using variables
including the surface, pavement, soil, storage, and underdrain
portions
•

Table 2.5 Methods applied to each component from SWMM model (Source: Adapted from Niazi et al., 2017)

In the literature on studies of stormwater models, Zellner et al. (2016) have
compared and summarized 12 existing and commonly used stormwater runoff models
according to type, purpose, data and time needs, inputs, outputs, time steps, scale, and
spatially explicit. In comparing to other models, SWMM has the advantages of various
extensions, relatively less input requirements (i.e., precipitation, land coverage,
subcatchment drainage networks), and the focus is on the drainage network. On the other
hand, when referring to its limitation, the performance of SWMM analyzes the site-scale
and watershed-scale projects, and the modelling process is considered time-consuming
when compared to other stormwater runoff models like SUSTAIN, L-THIS-LID,
COMSOL Multiphysics, VS2D and Hydrus 1D/2D/3D (Rossman, 2015).
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The limitations of using SWMM in the literature are summarized below. First,
SWMM does not have the capability to consider detailed processes that can affect the
performance of GSI practices within the systems (Massoudieh et al., 2017). Specifically,
SWMM does not allow for more detailed considerations of how important internal
reactive transport processes interact with green infrastructure structural design to
influence contaminant removal or transformation to groundwater (Niazi et al., 2017). For
example, one study has coupled SWMM with other hydrological models since the
SWMM module does not consider soil water potential and water flows under unsaturated
conditions (Baek et al., 2020). Therefore, the SWMM method in this research is currently
not suitable for detailed flood assessment. It is intended to evaluate the longer-term
impact of different imperviousness of land coverage on the urban stormwater balance in
the pre-sponge and post-sponge urban contexts. Second, studies indicate SWMM is
suitable for a wide range of uses, yet too complex for the general public (Elliot, 2007).
However, the author finds the SWMM tool is relatively user-friendly considering the
limited amount of time for this study. Third, the SWMM tool cannot be directly applied
to large-scale, non-urban watersheds, since SWMM is designed to predict flow rates from
small catchments with a combined system of the conveyance system and the natural
watershed (Elliot, 2007). Additionally, the application of SWMM is limited in the field of
landscape architecture. At the same time the literature indicates it has been utilized as an
analytical tool for assessing performance. Hence, SWMM’s utility as a performance tool
for hydrological modelling was utilized as one of the research methods for this
dissertation.
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Overall, the SWMM tool was selected for this research based on the following:1)
it is an open source software that allows ready access to utilize hydrological modelling
and simulation; 2) it can effectively simulate the hydrological effects and hydraulic
characteristics under different land use conditions (Gironás et al., 2010); and 3) the LID
toolkit added to the SWMM in 2010 allows for the simulation of the physical process
occurring in various LID controls (i.e. green roof, permeable pavement, rain gardens).

2.3.3. Land Cover Classification and GEOBIA
The land cover information has been utilized to parameterize a SWMM model for
evaluation of LID implementation in particular study areas. For example, Li et al. (2017)
identified the translation of site-scale hydrological effects of LID to the catchment scale
as a priority research need. Yet high-resolution geospatial data were not always available
and remote sensing-based methodologies assisted with extracting land cover information.
However, the literature indicates the limited application of remote sensing-based
methodologies in stormwater management simulation models (Randall et al., 2019).
Geographic Object-Based Image Analysis (GEOBIA) is a remote sensing
analytical mapping method that studies geographic entities or phenomena through the
delineation and analysis of image-objects instead of individual pixels (Blaschke, 2010).
This is a method that emerged in 2000 and was deployed as a mapping strategy for
analyzing high-resolution imagery since 2000 (Chen et al., 2017).
GEOBIA treats image objects (usually from segmentation) as the basic unit of
analysis, and represents “meaningful” geographic entities or phenomena at multiple
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scales (Hay et al. 2001). GEOBIA expands from the previous methods that utilized
individual pixels. GEOBIA uses grouped pixels that represent an “object” or “segment”
and can then be classified based on properties of the whole (Cleve et al., 2008; Blaschke,
2010; Myint et al., 2011). GEOBIA methodology enable machine learning and generates
land cover information.
There is limited research published on the use of GEOBIA specifically in the field
of stormwater management and landscape architecture. However, scholars have indicated
its potential and validity for classifying urban land cover (Khin et al., 2016).
2.3.4. Performance Evaluation
As mentioned in the water resilience section, Hashimoto’s research on risk-based
performance assessment of water resource systems indicates its utility for system’s
management and decision-making threshold metrics. His theory has been adapted to
perform risk-based performance assessment in the study of stormwater management
(Nanos & Fillion, 2016), as well as flood risk management in terms of climate change
(Merz et al., 2010). It is important to note that, one of the most important objectives in
the SCP is to harvest rainwater through the implementation of GI, and treat the captured
stormwater as a water resource. Table 2.6 summarized the connection between
Hashimoto’s theory and the SCP’s evaluation. The existing literature also indicates the
three indices (reliability, resiliency, and vulnerability) proposed by Hashimoto et al.
(1982), can be utilized for the performance target (Lettenmaier et al., 1999). The
performance target in this case refers to the volume capture ratio.
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In this study, this Hashimoto’s notion of the satisfactory state in the simulation
model is the VCRa output value that is equal or greater than 70% during that time period
(national metric). Failure is defined as the VCRa output value from the simulation is less
than 70% during the time period.
Hashimoto’s Theory
Method for the performance evaluation
of water resource systems
Applied to systems in which failure
corresponds to inconvenience or
economic loss
Applied to a system with a target to
define it in a satisfactory and nonsatisfactory state.
Possible to recover from the failure and
achieve satisfactory

SCP’s Evaluation
The main idea of the SCP is to allow cities to
act like sponges to absorb, capture,
and harvest rainwater as a water resource.
The SCP is a stormwater management system
improvement project with the goal to
ameliorate flooding from storm surges and
extreme weather events
National target of 70% VCRa in the SCP
demonstration areas
Possible to achieve 70% VCRa after extreme
weather that may lead to VCRa that is lower
than 70%

Table 2.6 The connection between Hashimoto’s Theory and the SCP’s Evaluation

Reliability
Based on Hashimoto’s method (1982), reliability can be defined as the ratio of the
number of satisfactory states that can be achieved to the total number of the system’s
activities. Hashimoto (1982) notes the application of this measurement for reliability is
limited to describe the probability of failure and not the severity or likely consequences
of a failure. The reliability of a system can be described as the probability of 𝛼 while the
system has achieved the satisfactory state:
𝛼 = 𝑃𝑟𝑜𝑏 [𝑋𝑡 ∈ 𝑆]

The equation below can be applied to calculate reliability (the probability that the
system will remain in a satisfactory state).
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𝑛

1
lim ∑ 𝑍𝑡 = 𝛼
𝑛→∞ 𝑛

𝑤𝑖𝑡ℎ

𝑡=1

𝑍𝑡 = 1
𝑍𝑡 = 0

∀ 𝑋𝑡 ∈ 𝑆
∀ 𝑋𝑡 ∈ 𝐹

Where α is frequency or probability that a system is in a satisfactory state, Zt is
the state of the system in the time interval t, Xt is the value of investigatory parameter in
the time interval t, S is the satisfactory state, F is the failure state, and T is the duration of
operating period.
Resiliency
Resiliency describes the time a system is likely to recover from failure, once the
failure had occurred. The equation below is applied to calculate resiliency (the ability of
the system to return to the satisfactory state after failure has occurred),

𝛾=

Prob { 𝑋𝑡 ∈ 𝐹 𝑎𝑛𝑑 𝑋𝑡+1 ∈ 𝑆
Prob{𝑋𝑡 ∈ 𝐹}

= Prob {𝑋𝑡+1 ∈ 𝑆|𝑋𝑡 ∈ 𝐹}

Where γ equivalent to the average probability of a recovery from the failure set, Xt
and Xt+1 are system outputs at times t and t+1 respectively, F and S represent sets of all
unsatisfactory/failure and satisfactory/non-failure outputs, respectively. This metric
represents the ratio of the number of times a satisfactory state follows an unsatisfactory
state to the number of times an failure occurs.
Vulnerability
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The measurement for vulnerability (the severity of a failure event) in Hashimoto
method (1982) is the differences between the calculated value and allowed value, where
the emphasis is on the how bad things may become, instead of how long failure persists.
In Hashimoto’s theory of quantifying vulnerability (1982), is represented as a metric for
the expected maximum severity of overall system vulnerability:
𝑣 = ∑ 𝑠𝑗 𝑒𝑗
𝑗∈𝐹

Where each discrete failure state xj from the performance variable Xt is used to
construct a numerical index of the severity of the state as sj. While ej is the probability of
xj, the most severe outcome in an all failure state, corresponding to sj. In this study, the
severity of the failure state for each event can be identified as the difference between
simulated VCRa and reference VCRa (70%). The metric can be rewritten as:
𝑉𝑚 =

∑𝑁𝐹
𝑓=1 𝑉𝑢𝑙
𝑁𝐹

0
𝑤𝑖𝑡ℎ 𝑉𝑢𝑙 = {𝑀𝑎𝑥[𝑅 − 𝑅 ]
𝑡
𝑓

𝐼𝑓 𝑅𝑡 ≤ 𝑅𝑓
}
𝑒𝑙𝑠𝑒

Where Rt is the notation of reference target volume capture ratio (70%), Rf is the
calculated volume capture ratio when a failure state occurred, Vm is the mean
vulnerability of the system, f is the number of failure states, and NF is the total number of
unsatisfactory states during the period.
Overall, Holling’s theory on resilience (1973) as the ability of a system to absorb
disturbances and recover from the impact of these disturbances indicated the potential
interrelationship between the effectiveness of a system and its response to disturbances.
Hashimoto’s (1982) system evaluation theory provides the opportunity to better identify
and quantify certain aspects of uncertainty in a water resource system. This is similar to
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the concept of the rain harvest in the China’s SCP, and hence, both are applicable.
Hashimoto (1982) addresses the relationships of reliability (the probability of the system
remaining in a non-failure/satisfactory state), resiliency (the ability of system to return to
a non-failure/satisfactory) and vulnerability (the likely damage of a failure event) in terms
of the system’s performance.
2.4.

Identifying the Gap in the Literature
The literature on the three realms of knowledge: 1) sustainable urbanism; 2) water

resilience; and 3) stormwater management highlight several issues. First, in reviewing the
key performance index in the SCP construction guidelines (MOHURD, 2014), limited
research has examined or revealed whether the 70% Volume Capture Ratio of Annual
Rainfall (VCRa) goal is obtainable (or not) at the catchment scale (Randall et al., 2019).
Second, existing studies investigated the performance of LID on individual lots or small
catchments using hydrologic modelling in China (Jia et al., 2012; Gao et al., 2015; Cheng
et al., 2018). Hence, studies at the larger scale are limited, and appears to slow the
advocacy and application of LID at the city or regional levels (Ahiablame et al., 2012).
Additionally, recent modelling studies have evaluated the impacts of LID at the large
urban watershed in China, but did not consider the physical limitations of the existing
built landscape (Randall et al., 2019). The current literature also suggests limited studies
on the potential of the implementation of the SCP district as a water resource in China, an
important overall SCP policy goal. Lastly, the improved quality and availability of
satellite imagery and mapping analysis of classification methods in recent years have
increased the potential of incorporating the existing urban built landscape.
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The existing literature discusses the methodologies of performance assessment.
The Storm Water Management Model (SWMM) developed by the USA EPA is a
comprehensive hydrological and water quality simulation model developed primarily for
single event or long-term (continuous) simulation of runoff quantity and quality in urban
areas (Huber et al., 1988; Rossman & Huber, 2016). Since land cover information was
subsequently used to parameterize a SWMM model for evaluation of LID
implementation in a study area combined with limited access to high-resolution
geospatial data, the remote sensing-based methodologies can be useful for hydrologic
modelling (Li et al., 2017).
In this study, high-resolution land cover data generated by Geographic ObjectBased Image Analysis (GEOBIA) method was generated using a software package
specialized in GEOBIA method called eCognition Developer 10.1 (Trimble Inc.,
Sunnyvale, CA, USA); and it provides additional surface details and reduces
uncertainties in the SWMM model. This will help understand the impacts of impermeable
and permeable surfaces, as well as sustainability in terms of Hashimoto’s metrics for
reliability, resiliency, and vulnerability. Finally, the literature indicated the importance of
risk assessment in evaluating sustainability (Blackmore et al., 2004). More critically,
Hashimoto (1982) developed a risk-based performance assessment of the water resource
system that expanded on Holling’s (1973) resilient theory. This risk-based performance
assessment identified some measurements and addressed the inter-relationships among
reliability, resiliency, and vulnerability of a system’s performance and it focused on
identifying and quantifying uncertainties.
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In many ways, this dissertation involves a study that investigates the green
transformation of urban stormwater management in China. The green transformation
refers to the city development strategies (the SCP, Eco-city, Smart City, among others)
that emphasize the effective balance between economic development and environmental
protection in China (Zhang & Liu, 2009; Padua, 2020). In this context, it is focused on
environmental sensitive, green approach, and ecological development.
This study aims to fill the gap on the theory of the SCP and its evaluation praxis.
It contributes to the literature on sustainable and resilient planning and design; methods
for analyzing urban rainwater flooding and catchment area, flood control management,
and water resilience. This study also explores aspects of ‘machine-learning’ for
generating primary data in the data collection process, especially the application of
remote sensing-based land cover classification with the specific end goal of generating
input to urban hydrologic models. In effect, this study also intends to contribute to filling
the literature gap on remote sensing and mapping strategies in landscape architecture
research and studies on the built environment.
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3.

RESEARCH DESIGN

The three realms of knowledge define a multidisciplinary approach for this
research. The current literature indicates the limited evaluation strategies of the SCP’s
effectiveness on overall ecological assessment and continuous assessment at the
catchment scale. Evidence indicates the urban water cycles are highly affected by the
number of types of coverages and the distribution of sealed or impervious horizontal
surfaces of a city (Wilson & Chakraborty, 2013; Forman, 2014; Larco, 2015); and the
application of GSI can contribute to impervious cover minimization to ameliorate urban
water related challenges (Randolph, 2012). To examine the effectiveness of the SCP and
fill the knowledge gap, this research used a mixed-methods approach that involves
quantitative and qualitative strategies see Table 3.1. This included: utilizing the case
study method with imbedded units of analysis; archival research to learn precipitation
rates and stormwater infrastructure; mapping “pre-sponge” and “post-sponge” conditions
in terms of land uses and related land coverage and imperviousness; modelling and
simulation of the VCRa; and the application of Hashimoto’s method. The case study
analysis included four demonstration districts within three SCP designated pilot cities:
Qingshan and Sixin districts in Wuhan, Hubei province; Yuelaixincheng district in
Chongqing; and the riverfront demonstration district in Zhenjiang, Jiangsu Province.
Measurement
Imperviousness
VCRa
Performance

Table 3.1 Research Design - Mixed Methods

Qualitative
Mapping
Hashimoto

Quantitative
SWMM
Hashimoto

This dissertation investigates the SCP’s effectiveness, by specifically examining
one of the SCP’s primary goals that focuses on the Volume Capture Ratio. This research
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proposes to fill the gap on the theory of the SCP and its evaluation praxis. It also
contributes to the literature on sustainable planning and design methods for analyzing
urban rainwater flooding at the broader catchment area, flood control management, and
water resilience.
3.1.

Theoretical Framework
Findings from the review of the literature helped form the framework and

proposed methods for collecting data, as well as the analytical tools to consider for this
study. Figure 3.1 illustrates the development of the theoretical framework and proposes
the performance evaluation of the SCP.
Three realms of knowledge were identified in the scholarly literature and
reviewed to deepen this study. Figure 3.1 illustrates these three realms of knowledge:1)
sustainable urbanism; 2) water resilience and 3) stormwater management. In effect, these
realms of knowledge define a multidisciplinary approach for this research and establish
the theoretical foundation. Discoveries and findings from this literature helped form the
framework and determine methods for data collection including generating primary data,
as well as the analytical tools considered for use in this study.
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Figure 3.1 Summary of the literature review
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3.2.

Method of inquiry / Research Methods
The overall goal of the dissertation is to investigate the performance of China’s

SCP. This section provides a detailed discussion of the various research methods, the
sequence of data collection, and instruments utilized in this research. This study utilized:
the case study method; archival research; mapping strategy to understand imperviousness
through land use and land coverage classifications; modelling and simulation; and
performance assessment based on Hashimoto’s systems-oriented methodology. The
research activities for data collection were sequential and described below.
The first phase of this study’s research was case study selection where three SCP
pilot cities along the Yangtze River were selected. Imbedded units of analysis for each of
the case studies were determined through various research instruments. The next phase
involved mapping and investigated the SCP’s effectiveness, in terms of the level of
imperviousness between the ‘pre-sponge’ and ‘post-sponge’ urban conditions. Secondary
data was gathered from open-source satellite maps and analyzed using eCognition
Developer to generate land cover classification map.
The third phase involved investigating the pre-sponge and post-sponge
demonstration districts in each case study in terms of the performance of urban
stormwater management through simulation modelling. Before utilizing the Storm Water
Management Model (SWMM) tool, archival research activities were undertaken. This
was needed to learn meteorological data, particularly annual rainfall over a thirty-year
period for each case study site. These data were then utilized in the SWMM methodology
to generate and understand the VCRa for each of the sponge districts in the three SCP
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pilot cities. The results of the SWMM simulation represented the VCRa for each case
study site.
The VCRa values from the SWMM simulation were then analyzed in terms of
system performance using Hashimoto’s risk-based assessment method, particularly the
indices for “reliability”, “resiliency” and “vulnerability”. The imbedded units of analysis
for each case study site were drawn from outputs of SWMM; imperviousness; VCRa and
Hashimoto’s risk-based assessment method. Taken together these mixed methods were
utilized to evaluate the effectiveness of the four sponge districts within the three SCP
pilot cities.
The case study method is widely accepted in various disciplines for
comprehensive in-depth analysis and understanding of a large range of questions.
According to Yin (2009), ‘a case study is an empirical inquiry that investigates a
contemporary phenomenon in depth and within its real-life context, especially when the
boundaries between phenomenon and context are not clear. This research utilized the
multiple case study approach and demonstrated the use of long-term continuous
hydrologic modelling, simulation, and risk-based performance assessment. Exploratory
case study design (Yin, 2013) was used to investigate the research propositions. The
multiple case studies involved the analysis of four catchments areas located in three SCP
pilot cities: Wuhan, Hubei; Chongqing; and Zhenjiang, Jiangsu. The embedded units of
analysis were the land cover and related imperviousness determined by investigating the
pre-sponge and post-sponge contexts, and runoff volume capture ratio.
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Case Study

RQ1: How does the application of
Sponge City Program impact the
land cover change?

Rationale

To investigate the impact of Sponge
City Program, particularly the level
of imperviousness between ‘presponge’ urban condition vs ‘postsponge’ urban condition.

Theoretical
Proposition

The application of the SCP can
reduce the impervious land cover in
urban area.

RQ2: How does the application of
Sponge City Program impact the
volume capture ratio of annual
rainfall at catchment level?
To examine the impact of Sponge
City Program to the performance of
urban stormwater management
system between ‘pre-sponge’ urban
condition vs ‘post-sponge’ urban
condition.
The application of the SCP can
contribute to infiltration, retention,
and groundwater recharge.

Data
Collection

Archival Review

Archival Review, Mapping

Data Analysis

Mapping

Modelling, Simulation, Risk-based
Performance Assessment

Table 3.2 Analytical and Synthetical framework

Case studies enable the investigation of the contemporary performance of the SCP
through various sources of evidence. As noted earlier, the data collection in this research
involved three sequential stages of analysis: mapping, modelling and simulation, and
risk-based assessment (Table 3.1). Maps of each case study represented the pre-sponge
(2013) and post-sponge (2017) contexts and land cover for each case study was generated
using the Geographic Object-Based Image Analysis (GEOBIA) method conducted
through eCognition Developer.
The next phase involved applying the SWMM as a tool to simulate scenarios
based on the ranking of rainfall totals over a 30 year-period. This generated numerical
values that provided an understanding of the VCRa for annual rainfall for each of the
study areas in terms of the pre-sponge and post-sponge contexts. The final phase
involved, applying Hashimoto’s risk-based assessment method with his three criteria
(reliability, resiliency and vulnerability) for each of the four case studies in the three SCP
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pilot cities. These three methodologies provided imbedded units of analysis for each case
study and taken together formulate a novel analytical framework for evaluating the
effectiveness of the SCP.
3.2.1. Data Collection (primary and secondary data) and Research Methodology
The changes in land cover, particularly the land cover and VCRa before and after
the implementation of the SCP (2013 and 2017) are critical factors that this study
measured. Land cover change is associated with urbanization, and involves changing the
natural environment into commercial, industrial, or residential land uses and their related
land cover (LULC) (Wijesiri et al., 2016). It is a critical factor that affects the runoff
volume, peak flow rates and water qualities (Paule-Mercado et al., 2017).
To understand the land cover change in pre-sponge (2013) and post-sponge
(2017) contexts, data was collected through archival review and data on impervious was
generated through the mapping strategy. The data collected included: 1) development
data: the high-resolution aerial photographs (2013 and 2017) from Google Earth and
WorldView- 3 Satellite, digital surface model (DSM), digital terrain model (DTM) from
local government documents; 2) subterranean infrastructure data from local government
reports; 3) meteorological data: precipitation, temperature, etc. from local weather
stations and National Meteorological Information Center. Impervious surfaces represent a
major component of urban infrastructure, and its expansion implies a negative impact on
the function of an existing urban ecosystem. These surfaces can readily be identified
through the remote-sensing mapping method of analyzing the urban environment and
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reflect conventional building materials that cover ground surfaces such as concrete and
asphalt.
In this study, the imperviousness refers to hard and impenetrable surfaces
including buildings, parking lots, and streets; and these were recognized through the
process of mapping and remote sensing. This included built-up areas i.e., buildings, nongreen roofs, paved roads, concrete surfaces and excluded the permeable and porous
landscape like bare soil, vegetation etc. (Ridd 1995). VCRa were then generated using
SWMM. As noted earlier, the VCRa is the key objective of the SCP implementation and
SCP’s targeted 70% of VCRa provides a metric for analyzing SCP’s effectiveness in
terms of implementation through Hashimoto’s (1982) systems-oriented model for the
performance indices – reliability, resiliency, and vulnerability.
3.2.2. Case Study Sites in three (of the 30 pilot cities) in the SCP:
Introduction
Yangtze River is the third longest river in the world after the Nile and Amazon, it
is also the longest and busiest river in Asia which is responsible for 70%-75% of the
floods in China (Liu et al., 2014). Most of the cities along the Yangtze River have
suffered from various degree of “shrinking” and/or “disappearing” surface waterbody
after the exposure to urbanization. For example, in its pre-Sponge 1980’s development
stage, Wuhan contained 127 lakes in its central area, but with the tremendous changes in
land use and urbanization process, only 30 lakes are known to survive. This results in the
increasing threats and damages of urban water logging and flood. After 2010, flood
seasons along the Yangtze River were considered extreme with reports on increasing
urban floods, water inundation and stormwater surge, and local and national government
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agencies acknowledged the existing stormwater infrastructure conveyance systems had
exceeded their capacities (NDRCC and UNDP China, 2017). In effect, the pre-Sponge
built form since rapid urbanization significantly increased the amount of impervious
surface areas (roadways, paved walkways, roofs and built fabric, concrete constructed
urban flood channels), and contributed to the increasing urban drainage and stormwater
surge. Flood waters from urban locations and the Yangtze River catchment areas
upstream, as well as global warming, also contributed to the city’s seasonal flooding and
disturbances to the area’s hydrology.

Figure 3.2 Chongqing, Wuhan, Zhenjiang in the Yangtze River Drainage Basin, Graphic by Author

Chongqing, Wuhan, and Zhenjiang are major cities along the Yangtze River (Fig.
3.2) and are on the list of first 16 SCP pilot cities launched in 2015. Chongqing located
near the source of the Yangtze River corridor in the Southwest China where the Yangtze
River and Jialing River are the main rivers in the city. Wuhan is the largest city in the
middle reach of Yangtze River Basin where Han River meets the Yangtze River on the
north bank of the city. Zhenjiang located further downstream in the Yangtze River Delta,
the triangle-shaped megalopolis near the East China Sea. These cities were selected for
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this research since the GSI was implemented five years ago in all three cities with
sufficient data available.
Four sponge districts within these three SCP pilot cities were selected to
understand the performance of the SCP under different built conditions:1) transition from
post-industrial to high-rise residential (or sustainable urban transformation from postindustrial to high-rise residential; and 2) sustainable urban transformation from rural to
high-rise residential. 3) transition from forestland to residential; and 4) ecological
transformation in historical and cultural district. To better understand variables that could
have impacts on the SCP, archival research of several pilot projects documents, and
official documents (i.e., national design guidance, regional development plan, and local
design guidance) were reviewed and analyzed. According to the national SCP guidance
documents, each SCP pilot city has developed city-level guidelines and master plans.
Since the application of the SCP in this dissertation is focused on the development before
and after 2015, the discussion on major land use changes in Wuhan, Chongqing, and
Zhenjiang are limited to the SCP demonstration districts. A list of projects in the SCP
construction in the demonstration districts is provided in Table 3.2.
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Project Type

Challenges and opportunities

Street

limited intervention of the streets due to the
complexity of pipeline and challenges of the
existing planting areas that developed before the
SCP.

Housing
development

Depressed green space, rain garden,
permeable pavement and rain harvest barrels
were introduced in the communities to reduce
challenges caused by high building density, low
quality of environment greening, however
limited public recreational area, and lack of
rainwater and sewage shunting in this area.
Restoring the local hydrological cycle,
introducing LID techniques, and reducing the
effective impervious area by applying
permeable pavement on the path system.

Park

Challenges caused by
lack of technical support
from the SCP
construction and
acceptance standard, lack
of standard on the new
SCP materials,
disconnection between
design and application
ii. Lack of facilities and
standard of maintenance to
achieve long term objectives.
iii. Challenges of PPP due to
lack of supporting policies
3.

Table 3.3 SCP challenges and opportunities in demonstration district

The SCP project plans for all demonstration districts were implemented through a
top to bottom hierarchical system in terms of scale: regional, drainage area, city block,
and parcel level, with the broader objective to control the volume of annual run off.
These sponge projects emphasized and revitalized waterfront areas as ecological
demonstration blue belts and applied ecological and sustainable urbanization concepts in
the development and redevelopment of the existing industrial district, shanty town
district, existing and future residential areas, and the commercial district. The projects
include and not limited to city roads, public facilities in residential areas, parks and green
areas, urban river system, and urban drainage trench. The ecological blue belt in this
context refers to the revitalization and renovation of the existing river channel system that
involves reclamation of the waterfront, restoring riverbanks, introducing vegetated buffer
zones and waterfront paths, daylighting, and opening existing channels in the SCP
demonstration districts (Office of the State Council, 2015).
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Case study I: Yuelaixincheng, Chongqing
Yuelaixincheng, located where the Jialing River meets Yangtze River, is the SCP
demonstration area selected in the case study of Chongqing. Chongqing, abbreviated as
"Yu", also known as “Mountain City”, “Fog City”, or “Bridge City” is a provincial-level
administrative region, and mega city of the People's Republic of China adjacent to
Sichuan Province. It is one of the four municipalities directly under the central
government of the People’s Republic of China (Beijing, Tianjin, Shanghai, Chongqing).
Unlike the other three, Chongqing is located in the deep southwestern inland of China. It
is the economic, financial, scientific and technological innovation, shipping and trade
logistics center in the upper reaches of the Yangtze River, as well as a national logistics
hub.
Fig. 3.3 illustrates the spatial patterns of temporal urban growth in Chongqing
from 1980 to 2015. Urban growth of Chongqing in this period can be characterized as
sprawling pattern while the urban development was concentrated on where the Jialing
River and Yangtze River meet. In the 1990s, Chongqing experienced a building boom
after it was granted the Municipality Central Government, and large amounts of
investment were made in the real estate sector (Han & Wang, 2001). The development
strategy in Chongqing has shifted since 2005 as rapid urbanization created concerns for
central government. China’s central government imposed land-conversion quotas for
major cities to slow down the pace of urban expansion (Liu et al., 2018). Like other
major cities in China, changes that emphasize on sustainability, resilience, and
adaptability to climate change were added to the Master Plan. In 2010 Chongqing was
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identified as one of the five major national cities (Beijing, Tianjin, Shanghai, Guangzhou,
and Chongqing), and the planning and positioning of Chongqing, was clearly proposed in
the National Urban System Planning (2010-2020) by the Ministry of Housing and UrbanRural Development. As the region with the highest per capita disposable income of urban
residents in the western part of China, Chongqing economically led the western region
and has lifted more than 98% of the population out of poverty by 2020 (Yan & Liao,
2020).

Figure 3.3 Chongqing urban sprawl in from 1980 to 2015 Source: Li et al., 2021, Graphics by Author

Due to its rapid urbanization, wide range of rural areas, diverse agricultural land
structures, different degree of exposure to urbanization, and spatial location, Chongqing
represents a critical SCP case to investigate Land cover in terms of development changes.
Before Chongqing became a municipality, the Sichuan provincial government required
the city to merge several state-level rural districts and counties under its jurisdiction. As a
result, the socio-economic development of Chongqing since the 1990s has shown a
strong urban-rural dichotomy. Chongqing has introduced many intensive policies
approved by the central government, and represents significant urban-rural
transformation in the past few decades (Han & Wang, 2001; Liu et al., 2014).
Chongqing was selected for this study for the following reasons. Like other major
cities along the Yangtze River, the city suffers from flood control and drainage issues.
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The city is located in a typical mountainous area and has an ecosystem that is sensitive to
the climate change and land cover change. Additionally, the annual precipitation in
Chongqing exceeds 1000 mm, most of which are concentrated in summer and autumn,
and results in distinctive characteristics of the city. Chongqing was also selected as one of
the first batch of the SCP pilot cites in 2015 to help ameliorate flooding. Yuelaixincheng
is a demonstration sponge district in Chongqing’s Liangjiang New Area and covers 18.67
square kilometers. According to reports from the Chongqing Sponge Engineering and
Technology Center, the SCP initiative in Chongqing completed 281 sponge projects from
2015 to 2020. Since Yuelaixincheng is the first SCP demonstration district in Chongqing,
this factored into its case study selection.
Fig. 3.4 illustrates these SCP pilot cities along Yangtze River in this research, and
the main urban area of Chongqing, and the Yuelaixincheng SCP demonstration district.
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Figure 3.4 Yangtze River Drainage Basin, Chongqing, and SCP demonstration district in Chongqing

Case study II: Qingshan and Sixin in Wuhan
Two SCP demonstration districts (Qingshan and Sixin) were selected for case
study analysis in Wuhan. Wuhan is the capital city of Hubei province, the central
economic core and transportation hub in China, also along the Yangtze River. Wuhan is
also known as ‘the city of rivers’ or ‘the city of a hundred lakes’ due to its river basin
location, and the city is comprised of three districts (Wuchang, Hankou, and Hanyang).
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These urban districts are physically defined by both the Yangtze River and its longest
branch, the Han River. Wuhan, like all of China’s ancient and long-standing cities were
located along rivers. However, Wuhan’s pre-Sponge urban defined context is by three
spatial districts containing their own separate central business districts with each forming
an independent urban system (Yang et al., 2018).

Figure 3.5 Temporal urban growth of Wuhan 1870-2013, Source: Wuhan Land Use and Urban Spatial Planning
Research Center, Graphics by Author

As one of China’s megacities (over 10 million population), Wuhan has
experienced numerous political, socio-economic, and cultural changes since 1949.
Unprecedented impacts on Wuhan’s urban development have taken place and it is
estimated that the urban build-up areas of Wuhan city have grown rapidly since 1950
(Cheng, 2011; Cheng and Zhou, 2015). Fig. 3.5 illustrates the spatial patterns of temporal
urban growth in Wuhan from 1870 to 2013. Urban growth of Wuhan city in this period
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was characterized by development and growth along the Yangtze River from a pattern of
urban sprawl to a compact development. Wuhan originally, situated in a riverway and
flood plain with agricultural uses, transformed into industrial uses after 1950; and rapidly
urbanized since 1990 (Pan and Han, 2013). Land uses currently are mixed, including
commercial, government and institutional, special economic zones that sometimes were
linked with major universities. This indicates tremendous changes in land cover and land
uses, and the displacement of natural resources and ecosystems. The literature indicates
more development density and vertical towers after 2000 and corresponds to the vertical
cities discussed in Lang’s (2017) research on the concept of building tall mixed-use
towns (compact forms) eliminates urban sprawl. Like most China’s megacities, some
residential buildings constructed in early twenty-first century in Wuhan were aimed at
achieving vertical precincts and was a response to population growth and economic
development (Lang, 2017). To meet China’s approved State Council 2007 directive on
the ‘two-oriented society’ (TOS) a resource-conserving and environmentally friendly
society, Wuhan shifted to a sustainability-oriented urban development strategy and
involved eco-city development (Cheng & Zhou, 2015; Chen et al., 2015).
Figure 3.6 illustrates the three case study cities along Yangtze River, the three
districts that comprise Wuhan city, and Qingshan and Sixin SCP demonstration districts.
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Figure 3.6 Yangtze River Drainage Basin, Wuhan, and SCP demonstration districts in Wuhan

Geographically, Wuhan’s ground elevation in the city is 20-24m (65-78 ft) and is
lower than the Yangtze River’s mean annual flood level 23.87m (78 ft). The river basin’s
total catchment area is 1374.46 km2 (530 mi2), with Wuhan’s main urban catchment area
covering 438.7 km2(169.4 mi2). To mitigate rapid urbanization following Deng’s late
1970’s economic reforms, 38 drainage pump stations were implemented in Wuhan’s
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main urban catchment area along the Yangtze River with a total confluence pipe of
6037.5 km (3751.5 mi) (UNDP China and NDRCC, 2017).
Case study III: Riverfront demonstration district in Zhenjiang
The SCP demonstration district in Zhenjiang is located on the south bank of the
Yangtze River. Zhenjiang, formerly the provincial capital of Jiangsu province, is a
prefecture-level city within the of Jiangsu Province and is one of the major 27 cities in
the central area of the Yangtze River Delta. It is also recognized as an important
transportation hub and scenic tourist city in the Yangtze River Delta by the State Council
(The General Office of State Council, 2017). As of 2018, the city contains 3 districts and
3 county-level cities under its jurisdiction, with a total area of 3840 square kilometers and
a built-up area of 179 square kilometers with a population of around 3 million in 2020.
Figure 3.7 illustrates Zhenjiang’s urban sprawl pattern in comparison to south Jiangsu
province.

Figure 3.7 Zhenjiang Urban Sprawl from 2000 to 2015 Source: Li et al., 2019 Graphics by Author

The city of Zhenjiang is located in Eastern China and southern Jiangsu province.
It is a member city of the Nanjing Metropolitan Area and part of the Yangtze River
Urban Agglomeration. To the west is Nanjing with Changzhou to the south, and
Yangzhou to the north. The landform of Zhenjiang urban area represents a higher
elevation in the south and lower in the north with a topographic change between 5 to 10
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meters. The confluence of the Yangtze River and Grand Canal is located to the north of
the city, and contains several large surface waterbodies distribute across the city.
As the estuary of the Grand Canal, Zhenjiang’s riverfront location benefits from
water transportation. Zhenjiang Port is the core distribution center of the supply chain
connecting north and south of Jiangsu province through the Jiangnan Canal and Jiangbei
Canal (two parts of Grant Canal within the Zhenjiang city boundary). Historically, the rise
of water transportation made Zhenjiang an important port for cargo transit (including
Celadon, silk, rice, salt, gold, iron) since the Tang dynasty (618-907). Hence, Zhenjiang
was an important political, economic, and military center in the southeast since ancient
times, and later developed into a city known for its diverse culture, industry, commerce,
and transportation. Zhenjiang’s reputation grew as a result of the water transportation
system.
Fig. 3.8 illustrates the three case study cities along Yangtze River, the main urban
area of Zhenjiang, and Zhenjiang riverfront SCP demonstration district.
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Figure 3.8 Yangtze River Drainage Basin, Zhenjiang, and SCP demonstration district in Zhenjiang

Zhenjiang has experienced rapid urbanization, severe water shortages, and water
logging in its historic areas. Additionally, a stormwater management plan has been
developed to implement 155 pilot sponge projects as demonstration areas, with 111
projects completed by the end of 2017. About 50 historic residential communities were
improved with LID measures including permeable pavement, rain gardens and
bioretention ponds, and green roofs. In this context, case study analysis of the sponge
district in Zhenjiang offers critical insights for understanding the SCP in eastern China.
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The implementation of sponge district combined with improvement to the historic areas
represents the significance of the Zhenjiang riverfront SCP demonstration area. Before
the renovation and improvements to the historic areas, these residential communities
were relatively dilapidated with large impervious surface like pavement in parking lots,
paths and roads in parks and old markets (Yang et al., 2019).
Comparison of Case study Cities and Pilot Districts
Table 3.3 summarizes the types of impervious surfaces, the change of impervious
surfaces between the pre-sponge and post-sponge contexts and related land coverage, and
land use for the case study sites in the three SCP pilot cities. Qingshan and Sixin sponge
districts in Wuhan, present a grid of streets with blocks less than 350 m (1150 ft) wide
according to the city planning guideline. This type of built form can also be observed
from the eastern part of Zhenjiang’s Riverfront district. Most of the buildings in the
blocks had transformed and represented increased development density (taller buildings,
greater lot coverage) after 2010 (Cheng and Zhou, 2015) On the other hand,
Yuelaixincheng in Chongqing, upstream of Wuhan, is still in the early phase of
developing a much larger urban grid with city blocks over 500 m (1500 ft) with a future
central business district surrounded by residential and commercial buildings.
Yuelaixincheng and Sixin in Wuhan were formerly agricultural lands that can be
typically identified along the fringe and within the center of major Chinese riverfront
cities. These indicate similar built form characteristics and transformations caused by
national policies in the past decade with farmland and rural settlements surrounded by
modern urban constructions and residential high rises along the perimeter (Dai et al.,
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2018). When comparing Zhenjiang’s riverfront district and Wuhan’s Qingshan district,
these two sites have more than 50% of vegetation coverage in the pre-sponge context
with little infrastructure implemented (major roads, and some scattered residential
buildings). As a result, the stormwater management of these two agricultural districts in
Chongqing and Sixin district in Wuhan relies more on the natural hydrological features
than Qingshan, Wuhan and Zhenjiang’s riverfront district. These districts also have much
older and larger subterranean conventional stormwater drainage pipe systems.
Study Site

Yuelaixincheng
(Chongqing)

Topo

Mountain

Qingshan
(Wuhan)

Flood
plain

Sixin
(Wuhan)

Flood
plain

Riverfront
(Zhenjiang)

Flood
plain

Annual
Precip
(mm)

1200

Type of
impervious
surface
Street, parking
lot, sidewalks,
scattered
building area,
compact
construction site.
Street, parking
lot, sidewalks,
dense and
scattered
building area,
plaza & square

1270

1270

1100

Street, parking
lot, sidewalks,
scattered
building area
Street, parking
lot, sidewalks,
scattered
building area,
plaza & square,
brown field
(abandoned
demolition area,
old market)

Table 3.4 Comparing four sites in three SCP pilot cities
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Change of
imperviousness
overtime
Expanded
building
footprint,
increasing road
& streets
Decreased
scattered
building areas,
increasing
dense building
areas, road
expansion

Land use
type
Residential
&
commercial,
recreational,
agricultural
(forest)
Industrial,
residential,
commercial,
transport

Increased dense
building area,

Agricultural
(crop land),
residential

Decreased
scattered
building area,
increased dense
building area,
decreased
brown field

Residential
&
commercial,
transport,
recreational,
educational

3.3.

Mixed Methods

3.3.1. Overview of Research Methods
Fig. 3.9 illustrate the sequential data collection and analysis process for each case
study in this research. The data collection process begins with the mapping of each of the
demonstration sponge districts in three SCP pilot cities in Wuhan, Chongqing, and
Zhenjiang. The embedded unites of analysis in the mapping strategy included change of
land use/ land cover to understand imperviousness. Land cover maps of pre-sponge and
post-sponge were generated using high-resolution imagery via the Geographic ObjectBased Image Analysis (GEOBIA) method to understand the land cover for each case
study. The mapping results from the first phase illustrates imperviousness represented by
the differences between impermeable and permeable surfaces and changes to land cover
over time, particularly the pre-sponge (2013) and post-sponge (2017) contexts. These
results improve the reliability of the data and reduce uncertainties in the next phase of
modelling and simulation (SWMM).

Figure 3.9 Research Methods Overview: Data Collection/Generating Strategy and Tools

In phase two, the SWMM model was applied for each case study and were based
on the results of mapping and archival records of subterranean infrastructure data, annual
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precipitation data, and elevation data collected from government documents. Simulation
scenarios were generated from rainfall totals over a 30-year period.
Lastly, Hashimoto’s risk-based assessment method was applied to evaluate
achieving the 70% targeted VCRa as a measurement of the SCP performance
effectiveness in the case study areas. Hashimoto’s systems-oriented methodology
involving the three criteria (reliability, resilience, vulnerability) was utilized for analyzing
and interpreting the performance assessment.
3.3.2. Data Collection
Mapping Strategy and Instruments
•

High-resolution Satellite Imagery -Remote Sensing Data
High-resolution (0.5m/pixel) multispectral imagery from the WorldView-3

satellite (DigitalGlobe, Inc., Westminster, CO, USA) and 4 m resolution digital surface
model (DSM) and digital terrain models (DTM) were collected for the pre-sponge and
post-sponge periods for each case study areas (Fig. 3.10). The multispectral bands (0.5m
resolution) of the WorldView-3 image was pansharpened to improve the resolution (Li et
al., 2017) using the panchromatic ban (0.4m). This yields an image containing 3 spectral
bands with 0.4m resolution. The segmentation process and classification of land cover
processes was conducted using a software package called eCognition Developer 10.1
(Trimble Inc., Sunnyvale, CA, USA) and specialized in GEOBIA method.
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Figure 3.10 SCP Demonstration District Topography and Major Surface Waterbodies in Wuhan, Chongqing (Main
City), Zhenjiang

•

Subterranean Infrastructure Data
The objective for collecting subterranean infrastructure data was to better

understand the underground stormwater/sewer infrastructure network information of each
study area including conduits, inferred pipes, junctions, outfall, etc. These data were
collected through archival review of various road maps retrieved from local government
sources. It is important to note China’s open-source information for city infrastructure is
limited; and these local government documents and maps only represented the sizes of
the large capacity and main trunk lines for the subterranean drainage system of pipes, and
direction of flow into the river.
•

Meteorological Data
The SWMM simulation required meteorological data (average temperature, daily

precipitation, daily evaporation). Through archival review of government sources,
secondary data of 30 years of meteorological data were collected. These were “input”
variables utilized to simulate the SWMM hydrological model. These archival and
secondary data were sourced from local observation stations and China Meteorological
Data Service Center, and included data sets of daily climate data from “Chinese surface
stations for Global Exchange V3.0” for each case study area. See Table 3.4.
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City Name
Wuhan
Chongqing
Zhenjiang

Name of Station
Tianhe
Chongqing
Nanjing

Table 3.5 Weather Observation Stations Selected for Study Areas

Station ID
57494
57516
58238

Duration
1951-2020
1951-2021
1951-2021

3.3.3. Data Analysis
Overall, the data analysis took place in three phases: 1) subcatchment delineation
of the pre-sponge and post-sponge contexts using GEOBIA mapping methodology; 2)
hydrologic modelling and simulation using SWMM; and 3) risk-based performance
system analysis through the interpretation of Hashimoto’s theory (1982). Table 3.5
illustrates these phases. Land cover change between the pre-sponge and post-sponge
urban condition provides an indicator for impervious and metric when analyzing
stormwater run-off volume, peak flows and water quality (Paule-Mercado et al., 2017).
GEOBIA high-resolution multispectral imagery combined with eCognition Developer
10.1 software in the mapping methodology informed the land cover classifications along
with related land uses. The analysis of the pre-sponge and post-sponge contexts from this
mapping methodology provides reliable data for understanding land coverage,
particularly pervious and impervious ground surfaces. These attributes were readily
legible through GEOBIA mapping and the eCognition Developer software. SWMM
hydrologic modelling creates an understanding of the volume of stormwater. Since the
SCP’s national target of 70% VCRa, Hashimoto’s theory on investigating a system’s
performance, especially the metrics: reliability, resiliency and vulnerability, provided a
vital assessment methodology. This tripartite methodology of mapping, simulation and
applying Hashimoto’s risk-based performance assessment offers a novel approach and
analytical framework for evaluating the effectiveness of China’s SCP.
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Table 3.6 Phased Methodology for Data Analysis: Mapping, Simulation, Performance Assessment
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Land cover Classification – GEOBIA + eCognition Developer

Figure 3.11 Example of GEOBIA Mapping by Author

Fig. 3.11 represents an example of the first stage of segmentation using GEOBIA
imagery resolution and e-Cognition Developer 10.1. The objective for this stage of
segmentation process in this mapping methodology is to group neighboring pixels that
have relatively homogenous pixel values in terms of spectral bands into objects at
different scale levels (Blaschke, 2010). The multi-resolution segmentation algorithm was
then applied to the image and perform segmentation of the image based on spectral and
geometric properties in eCognition Developer. Evidence in other studies suggests higher
performance when applying multi-resolution segmentation algorithm compared to other
resolution segmentation algorithms in GEOBIA framework (Neubert et al., 2008). In this
first stage of this multi-resolution segmentation process, this dissertation applied the
GEOBIA parameters utilized in existing studies on Beijing including the same imagery
type in terms of resolution and e-Cognition software: scale value of 50; color weight of
0.9; shape weight of 0.1; compactness of 0.5, and smoothness of 0.5 (Qian et al., 2014;
Randall et al., 2019).
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The second stage determined land coverage for the pre-sponge and post-sponge
conditions and the classification process by applying the “Classifier” algorithm in the
eCognition Developer software package. The “Classifier” algorithm uses machine
learning functions that first utilized the classified objects (sample group) for each study
area to train or “teach” a classifier, then this trained classifier is applied to the population
of the study area according to the trained parameters. Existing studies tested four image
classifiers and noted the most accurate method is the support vector machine (SVM) and
Bayes classifier (Qian et al., 2014; Shang et al., 2018). The SVM is a non-parameter
classifier and based on deterministic theories; whereas the Bayes classifier is a parametric
classifier based on Bayes Theorem from Bayesian statistics (Lee, 1989). Qian (2014) also
pointed out in terms of accuracy level that 125 training samples is the minimal number of
training samples to achieve classification accuracy. Following Qian’s (2014) study
approach, this research utilizes Bayes classifier and 125 training samples for each
classification.
In terms of land coverage and classification methodology, six land cover
classifications were assigned to this study: building, roads, paved pedestrian or parking
area (PPPA), water bodies, grass, and trees. According to the literature, these six land
cover classifications also reflect relative imperviousness in urban areas and were
determined according to run-off characteristics(Lu & Weng, 2006). 125 training samples
were chosen geospatially for each classification and were distributed across each map of
the case study areas.
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After the classification stage, the Confusion matrix and Kappa statistics were
calculated in the eCognition Developer and were utilized to evaluate the accuracy of the
generated pre-sponge and post-sponge land cover maps. 100 objects for each
classification were applied for this accuracy assessment, and reference data were based
on the interpretation of the high-resolution satellite imagery.
Establishing the Study’s Hydrological Model
The output objects from the land cover classification process were assigned with
an impervious ratio. Assumptions were made in terms of each object representing a small
subcatchment containing homogeneous or evenly distributed land cover. Roads,
buildings, and PPPA subcatchments were given a value of 100% imperviousness with no
infiltration occurring before the SCP (2013) or the pre-sponge context. The PPPA were
considered partially pervious for the post-sponge context (2017). Grass, and tree land
cover classifications and subcatchments were designated a value of 100% pervious with
infiltration occurring in each subcatchment area. Each of the output land cover polygons
were converted to a separate SWMM subcatchment and assigned with one of the six land
cover classifications. In this study, the runoff from all subcatchments were assumed to be
routed to the closest river or drainage pipe outflow as part of the larger drainage
catchment boundaries. Based on the recent study (Randall, et al 2019) in China, the
Horton infiltration method to model infiltration in SWMM was applied in this
dissertation, particularly due to its use of continuous modelling on events and represented
various rainfall intensity.
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Hashimoto’s Risk-based Performance Assessment
Hashimoto’s (1982) three indices in his systems-oriented methodology:
reliability, resiliency, vulnerability were applied in this study after the SWMM model
phase. This study utilizes China’s national SCP policy key target goal of 70% VCRa.
Hashimoto’s methodology (1982) analyzes systems in a binary way, particularly in a
“satisfactory” state or non-satisfactory in terms of a state of “failure”. In this study,
satisfactory refers to the simulated VCRa as equal or great than the 70% national metric.
Failure in this study is then defined as the simulated VCRa output values that fall below
70%.
•

Reliability
This study adopts Hashimoto’s (1982) reliability and is defined as the ratio of the

number of satisfactory states with VCRa values equal or greater (≥) than 70% and these
values are achieved for the total number of system activities. In this study, this total
number refers to the 30-year simulation.
The equation below was applied to calculate reliability for each of the case study
sites (the probability that the system will remain in a satisfactory state).
𝑛

1
lim ∑ 𝑍𝑡 = 𝛼
𝑛→∞ 𝑛

𝑤𝑖𝑡ℎ

𝑡=1

𝑍𝑡 = 1
𝑍𝑡 = 0

∀ 𝑋𝑡 ∈ 𝑆
∀ 𝑋𝑡 ∈ 𝐹

Where α is frequency or probability that the VCRa is equal or more than 70%, Zt
is the state of the system in the time interval (t). Xt is the value of investigatory parameter
in the time interval t; S is the satisfactory state; F is the failure state; and T is the duration
of the operating period.
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•

Resiliency
Resiliency describes the time the case study site needs to allow VCRa recover to

70%, once it is below 70% during a rain event. The equation below is applied to calculate
resiliency.
𝛾=

Prob { 𝑋𝑡 ∈ 𝐹 𝑎𝑛𝑑 𝑋𝑡+1 ∈ 𝑆
Prob{𝑋𝑡 ∈ 𝐹}

= Prob {𝑋𝑡+1 ∈ 𝑆|𝑋𝑡 ∈ 𝐹}
Where γ equivalent to the average probability of a recovery from the failure set, Xt
and Xt+1 are system outputs at times t and t+1 respectively. F and S were set: VCRa <70%
state (F or failure) and VCRa ≥ 70% outputs (S or satisfactory), respectively. This metric
represents the ratio of the number of times a VCRa<70% state follows VCRa < 70% state
to the number of times an VCRa < 70% state occur.
•

Vulnerability
In Hashimoto’s theory of quantifying vulnerability (1982), he proposed a metric

for the expected maximum severity of overall system vulnerability as:
𝑣 = ∑ 𝑠𝑗 𝑒𝑗
𝑗∈𝐹

Where each discrete VCRa<70% state xj from performance variable Xt were used to
construct a numerical index of the severity of the state as sj. While ej is the probability of
xj, most sever outcome in all VCRa<70% state, corresponding to sj. In this study, the
severity of the VCRa<70% state for each event can be identified as the difference
between simulated VCRa and target metric of VCRa (70%).
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The metric can be rewritten as:
𝑉𝑚 =

∑𝑁𝐹
𝑓=1 𝑉𝑢𝑙
𝑁𝐹

0
𝑤𝑖𝑡ℎ 𝑉𝑢𝑙 = {𝑀𝑎𝑥[𝑅 − 𝑅 ]
𝑡
𝑓

𝐼𝑓 𝑅𝑡 ≤ 𝑅𝑓
}
𝑒𝑙𝑠𝑒

Where Rt is the notation of reference target VCRa (70%), Rf is the calculated
VCRa when a failure state occurred. Vm is the mean vulnerability of the system; f is the
number of failure states; and NF is the total number of unsatisfactory states during the
period.
3.3.4. Validity
Several threats to validity were identified in developing the research design. First,
this study was based on three of China’s SCP pilot cities containing four case study sites.
Given there are a total of 30 SCP pilot cities, it is problematic to generalize the findings
from the three SCP pilot cites. As noted earlier, the three cities fall within the Yangtze
River basin. The cities vary in size and population. However, each of the case study
districts are comparable in terms of population, size, annual precipitation. Each case
study site falls within 3 cities that were part of the first batch of 16 SCP pilot cities and
represent similar amounts of local and national financial investments. These similarities
among the four case study districts reduce the threat to validity.
Another potential threat to validity was the use of limited data sources and the
secondary data discovered through archival research on the subterranean conventional
drainage infrastructure systems. The quality and accuracy of archival data in China in
general has been considered questionable and indicate challenges to the efficacy of
China’s data. This can create limitations for model simulation, validation, and calibration.
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Other studies have suggested the challenges of machine learning processes when
utilizing remote sensing and satellite images. This is primarily due to the fact that
machine learning requires massive datasets to “teach” the software to classify
phenomenon, and are susceptible to greater error. (Larry et al., 2016; Maxwell et al.,
2018).
Threats to validity can be reduced through the following:
1) Construct validity was established through correlating the multiple sources of
data from archival documents. Existing theories from the literature review
(Randall, 2019) indicates the significance of the application of the SCP through
the analysis of the watershed. Since the SCP goal is to utilize captured stormwater
in the urban drainage system, this research investigated the performance of urban
stormwater management system using Hashimoto’s (1982) risk-based
performance assessment theory on water resource systems.
2) Content validity was addressed through examining the urban stormwater
management system through internal factors (e.g., GSI techniques) and external
factors (e.g., SCP policy); and
3) Criterion validity was addressed through the application of the modified
assessment methods (GEOBIA and SWMM) to conduct the analysis with local
hydrogeological contexts; and accuracy assessment using Kappa Coefficient, and
the Confusion matrix were applied to reduce errors from the machine-learning
process.
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3.4.

Pilot Study

3.4.1. Brief overview
The pilot study was conducted using Clemson University Campus Watershed
(Hydrologic Code: 03060101-040) with a drainage area of 1500+ acres to test the
assessment model. Meteorological data, rainfall data, runoff data were gathered, and
calibration was conducted based on the results. The objective of pilot project was to test
the research methodologies on a small-scale site to evaluate its feasibility and duration.
The Clemson University Watershed was selected for the following reasons: 1) the annual
precipitation in the catchment (1300mm) lies in the annual precipitation of the case study
cities (1000-1400mm ); 2) the number of annual rain day in the catchment (108days) lies
in the range of the case study cities (100-120 days); 3) the Clemson University Watershed
has multiple land use including residential, commercial, and agricultural, which can
contribute to test the methodology development of case study sites; 4) data collected from
Clemson university Watershed has similar resolution as the study sites. Indices of
reliability, resiliency, and vulnerability adapted from Hashimoto’s theory were applied to
assess the performance of urban stormwater management system in the study area.
3.4.2. Pilot Study Data Collection
Archival data were collected for SWMM input including: 1) weather data from
national meteorological information center; 2) topography, land use from Landsat image
from USGS, Landsat7ETM，Landsat4-5TM, and Landsat1-5MSS; 3) drainage network,
monitoring network. Development Data including: 1) Parcel data from USGS, remote
sensing imagery, high-resolution aerial photographs, and Government Maps and
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documents; 2) Soil Data were collected from Geographical Information Monitoring
Cloud Platform (GIMCP) and Resource and Environment Data Cloud Platform
(REDCP). Precipitation Data were collected from local weather stations, National
Meteorological Information Center (NMIC). Streamflow and Water Quality Data were
collected from published water quality performance reports, data from monitoring
stations were preferable for less threats to liability.
3.4.3. Pilot Study Data Analysis
Land Classification
The Panchromatic and 8 band multispectral imagery from the WorldView-3
satellite, 2 feet resolution was applied in the eCognition Developer 9 (Trimble Inc.,
Sunnyvale, CA, USA) program to generate land cover classification map. The pilot study
was conducted using the eCognition Developer student version which created several
challenges to the data generating process: 1) setting for the segmentation and
classification process can’t be saved in the project, and it requires researchers to assign
values and select samples for the machine learning training repeatedly; and2) the limited
export option created extra workload for the researcher to prepare the data for the next
step.
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Figure 3.12 Magnification of an example area (20 acres) within Lee Hall shown as: 1. WorldView-3 Pansharpened
Image (0.4 m) – 2. Segmented Image – 3. Bayes Classified Image – 4. refined Image

Land Cover
Building
PPPA
Road
Trees
Grass
Water
Total

No. of Objects
6830
3793
7868
29974
18434
10452
77351

Table 3.7 Summary of segmentation/classification results

% of Study Area
9.2%
7.9%
4.4%
38.9%
29.4%
10.2%
100%

The segmentation of the WorldView–3 imaginary yielded over 77,000 objects
(Fig. 3.13), each of which was classified as belonging to one of the six classifications
(building, road, trees, grass, water, parking or paved pedestrian area/PPPA) (Table. 3.6).
Multiresolution Segmentation Factors was applied according to the existing study
(Randall et al., 2019): scale value of 50, color weight of 0.9, shape weight of 0.1,
compactness of 0.5, and smoothness of 0.5.
Classification Accuracy Assessment
The application of refining rule based on Randall et al (2019) aims at testing the
accuracy of the method and evidence suggested the refining rules was positive to improve
the overall accuracy of the model (Table 3.7, Table 3.8).
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Reference Classification
Predicted
Building
Classification Road
Trees
Grass
Water
PPPA
Producer’s Accuracy
Overall Accuracy =
Kappa Coefficient (KIA)

Building
40
12
0
2
0
46
40%
79%
0.53

Road
0
71
3
21
3
2
71%

Trees
2
1
64
31
1
0
65%

Grass
1
1
4
88
2
4
88%

Water
0
2
5
0
93
0
93%

PPPA
2
70
0
16
5
7
7%

User’s
Accuracy
89%
45%
84%
56%
89%
12%

Table 3.8 Confusion Matrix for classification using Bayesian classifier before refinements

Reference Classification
Predicted
Building
Classification Road
Trees
Grass
Water
PPPA
Producer’s Accuracy
Overall Accuracy =
Kappa Coefficient
(KIA)

Building
89
0
0
1
0
10
89%
79%
0.74

Road
0
63
3
26
3
5
63%

Trees
3
1
83
12
1
0
83%

Grass
0
0
7
91
1
1
91%

Water
0
3
2
0
95
0
95%

PPPA
19
13
0
8
6
54
54%

User’s
Accuracy
80%
79%
87%
66%
90%
77%

Table 3.9 Confusion Matrix for classification using Bayesian classifier after refinements

Hydrological Modelling
The summary of runoff captured within Clemson catchment from 1985 to 2015
according to the existing landscape condition in provided in Fig 3.13. These results
indicate that the rainfall capture ratio in Clemson catchment was above 70% through the
simulation.
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Figure 3.13 Computed VCRa in Clemson Campus Catchment in 30 years

3.4.4. Lessons Learned
Through the development and result of pilot study some limitations were
identified. First, the proposed classifications were not applicable to some areas. The
GEOBIA approach has provided a relatively accurate output of the classifications for
SWMM modelling. However, due to the large amount of time needed for GEOBIA, it
was not efficient and provides challenges to time management. The findings of pilot
study and modification of research design are summarized in table 3.10.
RQ
addressed
Land cover
Classification

RQ 1

Hydrologic
Modelling

RQ1

System performance
Assessment

RQ2

Pilot study finings

Conclusions

Proposed methods properly
performed. Land cover of each
subcacthment in the community
were identified and assigned with a
classification correlated to
hydrologic characters.
Proposed methods properly
performed. The model generated
annual rainfall capture volume and
ratio within the Clemson catchment
from 1985 to 2015.

Lack of time-efficiency
when applying Bayes
classifier.
Assigned training samples
with various spacing to
reduce operational error.
Different data availability
in China may result in
different methods of data
collection for pipe system
information.

Proposed methods properly
performed.

Table 3.10 Lessons Learned from Pilot Study
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4.
4.1.

DATA ANALYSIS AND RESEARCH FINDINGS

Introduction
The overall goal of this study is to investigate the effectiveness of China’s SCP.

In this research, the national policy target value of 70% VCRa (Volume Capture Ratio of
Annual Rainfall) served as the measure of SCP’s effectiveness.
The following primary research question was formulated to guide the study: How
effective is the SCP on transforming the urban drainage system into a water resource in
the adaptive urbanization process? Secondary research questions include: 1) How does
the application of Sponge City Program impact the land cover change? 2) How does the
application of Sponge City Program impact the volume capture ratio of annual rainfall at
the catchment level?
In terms of the mapping method, panchromatic and 8 band multispectral imagery
from theWorldView-3 satellite (DigitalGlobe, Inc., Westminster, CO, USA) and 4 m
resolution digital surface model (DSM) and digital terrain model (DTM) in 2013 and
2017 were collected and applied in the eCognition Developer 10.1 (Trimble Inc.,
Sunnyvale, CA, USA) through the GEOBIA tool and generated land cover data with 6
classifications that determined different rates of perviousness. The results were then
applied along with digital terrain model (4m) and drainage boundaries data in the
simulation (SWMM) to build high-resolution hydrologic models. Each model was then
used to simulate scenarios based on the ranking of rainfall totals over 30-year periods and
calculated the volume capture ratio of annual rainfall. The results of the VCRa between
1985 to 2015 in the pre-sponge and post-sponge contexts in each of the study areas were
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assessed using Hashimoto’s method, as another method to investigate the level of SCP’s
effectiveness.
The data analysis examined the SCP’s effectiveness in terms of obtaining or not
obtaining the national target of the 70% VCRa at the catchment scale. Mapping,
modelling and simulation, and risk-based assessment involved three different categories
of data. Hence, the data analysis and results are discussed according to the three
categories.
This chapter analyzes and synthesizes the findings for each of the case studies and
provides an interpretative narrative based on the novel assessment framework that
resulted in this study. It discusses the changes of imperviousness for each of the case
studies and comparatively. It also provides an analytical and synthetic discussion on the
SCP’s effectiveness.
4.2.

Mapping Land Cover Change -Imperviousness
The mapping phase intends to answer research question one: How does the

application of the SCP impact the land cover change? Particularly, in the post-industrial
area (Qingshan), farmland (Sixin), forestland (Yuelaixincheng), and historical and
cultural district (Zhenjiang).
Case one: Wuhan SCP pilot city –Qingshan
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Figure 4.1 Qingshan Catchment study area, Wuhan pre-sponge (2013) and post-sponge (2017) with land cover
classified using Bayes classifier

The segmentation of the high-resolution imagery yielded 81,000 (pre-sponge)/
260,000 (post-sponge) objects, each of which was classified as belonging to one of the
six classifications (building, road, trees, grass, water, parking or paved pedestrian
area/PPPA). Classification results for Qingshan (Fig. 4.1) showed impervious areas (i.e.,
buildings, PPPA, roads) and pervious areas (i.e., trees, grass) account for approximately
48.5% and 51.8% of land cover in 2013 (pre-sponge), and impervious areas (i.e.,
building, roads) and pervious areas (i.e., PPPA, trees, grass) account for approximately
44.5% and 42.5%. The trees classification was the largest in 2013, covering 25.04% of
the study area, and the second largest in 2017 due to the increasing building footprint.
The building classification is the largest in 2017(post-sponge), covering nearly a third of
the study area. The results show the road classification coverage of the site have
significantly increased from 8% in 2013 to 18% in 2017. This increase may be a result
from road widening and improvements to old road system.
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Case two: Wuhan SCP pilot city –Sixin

Figure 4.2 Sixin Catchment study area, Wuhan pre-sponge (2013) and post-sponge (2017) with land cover classified
using Bayes classifier

The segmentation of the high-resolution imagery yielded 59,000 (pre-sponge)/
110,000 (post-sponge) objects. Classification results for Sixin (Fig. 4.2) indicate a large
increase in impervious coverage: impervious areas and pervious areas account for
approximately 49% and 46% of land cover in 2013 (pre-sponge), and impervious areas
and pervious areas account for approximately 63% and 31%. The grass classification was
the largest in 2013, covering 35% of the study area. The results indicate the building
classification increased and more than doubles its coverage of the site from 22% in 2013
to 48% in 2017. This reflects an increased area of real estate development on the former
farmland. The results also suggest that vegetated coverage (tree and grass classifications)
decreased from 46% to 21% between 2013 and 2017 and verifies the increased amount of
development.
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Case three: Chongqing SCP pilot city –Yuelaixincheng

Figure 4.3 Yuelaixincheng Catchment study area, Chongqing pre-sponge (2013) and post-sponge (2017) with land
cover classified using Bayes classifier

The segmentation of the high-resolution imagery yielded 47,000 (pre-sponge)/
254,000 (post-sponge) objects. Classification results for Yuelaixincheng (Fig. 4.3)
indicate a decrease in impervious coverage. In 2013, the study area contained a large
amount of construction sites where temporary impervious pavement was implemented for
staging of construction materials around the Yuelai Convention Center, and the major
constructions were finished in 2017. The temporary pavement disappeared when
construction was completed in 2017. Impervious areas and pervious areas account for
approximately 32% and 63% of land cover in 2013, and impervious areas and pervious
areas account for approximately 26% and 72% in 2017. The results suggest that the
building classification coverage of the site increased from 11% in 2013 to 17% the 2017.
The road classification increased from 2% to 8%, which is still much lower than other
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sites. The results also suggest that vegetated coverage, including tree and grass
classification, decreased from 64% to 47% between 2013 and 2017.
Case four: Zhenjiang SCP pilot city –Riverfront

Figure 4.4 Zhenjiang Catchment study area pre-sponge (2013) and post-sponge (2017) with land cover classified using
Bayes classifier

The segmentation of the high-resolution imagery yielded 32,000 (pre-sponge)/
719,000 (post-sponge) objects. Classification results (Fig. 4.4) indicate that impervious
areas and pervious areas account for approximately 63% and 28% of land cover in 2013,
and impervious areas and pervious areas account for approximately 47% and 44% in
2017. Compared to the east half of the site, the west half of the site experienced less
change in the 6 classifications. This may be due to the regulations for the historic
preservation district on the west side of the study area. The building classification
increased from 27% to 35% of the land coverage. The PPPA decreased from 24% to
12%, due to the disposition of brownfield sites (e.g., abandoned construction sites and
abandoned demolition sites). The surface water bodies remain relatively the same in 2013
and 2017.
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Classification Accuracy Assessment
The Confusion matrix and Kappa statistics were calculated in eCognition
Developer. Reference data consisted of 100 objects for each of the six classifications.
Table 4.1 summarized the confusion matrices for classification based on Bayes classifier,
a core eCognition software technology that is based on the application of Bayes’
Theorem and related Bayesian statistic (Lee, 1989). The “overall accuracy” presents how
many of the reference objects were classified correctly relative to the total number of
reference objects. “Producer’s accuracy” in this study refers to eCognition Developer
software and ways it indicates how often the feature in the physical reality is correctly
classified in the map. “User’s accuracy” refers to eCognition Developer software’s
interpretation of how often the classification assigned on the map is accurately presented
in the real world. The Kappa coefficient is a well-known method to evaluate the
reliability of classification first proposed by Cohen (1960). According to Cohen (1960)
the Kappa result be interpreted as: values ≤ 0 as indicating no agreement and 0.01–0.20
as none to slight, 0.21–0.40 as fair, 0.41– 0.60 as moderate, 0.61–0.80 as substantial, and
0.81–1.00 as almost perfect agreement.
The Kappa coefficient and overall accuracy obtained from the land cover
classification fall into the 0.61-0.80 interval (as substantial). This may not be ideal and
considered reliable in terms of the development of the hydrological models in the next
phase. The study acknowledges the limited open-source data at the city level in China
and the inaccuracies of these classifications have insignificant effects on the overall
stormwater runoff properties.
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Reference Classification
Predicted
Classification

Building
Road
Trees
Grass
PPPA
Water
Producer’s Accuracy
Overall Accuracy =
Kappa Coefficient (KIA)
Reference Classification
Predicted
Classification

Building
Road
Trees
Grass
PPPA
Water
Producer’s Accuracy
Overall Accuracy =
Kappa Coefficient
Reference Classification
Predicted
Classification

Building
Road
Trees
Grass
PPPA
Water
Producer’s Accuracy
Overall Accuracy =
Kappa Coefficient
Reference Classification
Predicted
Classification

Building
Road
Trees
Grass
PPPA
Water
Producer’s Accuracy
Overall Accuracy =
Kappa Coefficient
Reference Classification
Predicted
Classification

Building
Road
Trees
Grass

Qingshan Pre-sponge
Building
78
4
1
3
12
2
78.00%
78.80%
0.746

Road
12
72
0
5
11
0
72.00%

Building
67
15
1
1
14
2
67.00%
75.20%
0.700

Road
21
55
0
9
15
0
55.00%

Building
65
23
3
1
8
0
65.00%
77.33%
0.728

Road
16
72
0
0
8
4
72.00%

Building
65
17
0
0
18
0
65.00%
76.17%
0.712

Road
14
69
0
0
13
4
69.00%

Trees
0
0
82
11
7
0
82.00%

Grass
2
0
9
89
0
0
89.00%

PPPA
15
9
2
12
60
2
60.00%

Water
6
0
1
1
0
92
92.00%

Grass
0
0
22
78
0
0
78.00%

PPPA
20
7
1
5
67
0
67.00%

Water
0
0
3
3
0
94
94.00%

Grass
0
0
12
86
2
0
86.00%

PPPA
10
9
1
3
70
7
70.00%

Water
1
0
1
9
0
89
89.00%

Grass
0
0
10
89
1
0
89.00%

PPPA
19
17
0
1
62
1
62.00%

Water
2
0
3
2
9
84
84.00%

PPPA
15
11
1
4

Water
0
5
5
4

Qingshan Post-sponge
Trees
0
0
89
11
0
0
89.00%

Sixin Pre-sponge
Trees
0
0
82
13
5
0
82.00%

Sixin Post-sponge
Trees
0
0
88
12
0
0
88.00%

Yuelaixincheng Pre-sponge
Building
77
9
1
0

Road
19
70
1
1

Trees
0
0
72
23
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Grass
5
1
12
74

User’s
Accuracy
69.00%
84.70%
86.30%
73.60%
66.70%
95.80%

User’s
Accuracy
62.00%
71.40%
76.70%
72.90%
69.80%
97.90%

User’s
Accuracy
70.65%
69.23%
82.83%
76.79%
75.27%
89.00%

User’s
Accuracy
65.00%
66.99%
87.13%
85.58%
60.19%
94.38%

User’s
Accuracy
66.4%
72.9%
78.3%
69.8%

PPPA
Water
Producer’s Accuracy
Overall Accuracy =
Kappa Coefficient
Reference Classification
Predicted
Classification

Building
Road
Trees
Grass
PPPA
Water
Producer’s Accuracy
Overall Accuracy =
Kappa Coefficient
Reference Classification
Predicted
Classification

Building
Road
Trees
Grass
PPPA
Water
Producer’s Accuracy
Overall Accuracy =
Kappa Coefficient
Reference Classification

13
0
77.0%
74.2%
0.705
Building
60
17
0
2
21
0
60.0%
71.5%
0.676
Building
81
5
3
0
11
0
81.00%
76.50%
0.730

8
1
70.0%

1
4
72.0%

6
2
74.0%

67
2
67.0%

1
85
85.0%

PPPA
22
8
0
0
64
6
64.0%

Water
1
0
8
2
0
89
89.0%

PPPA
11
9
0
0
80
0
80.00%

Water
2
1
9
4
0
84
84.00%

Yuelaixincheng Post-sponge
Road
12
76
2
2
8
0
76.0%

Trees
2
5
69
12
6
6
69.0%

Grass
6
3
12
71
5
3
71.0%

Zhenjiang Riverfront Pre-sponge
Road
9
78
0
2
11
0
78.00%

Trees
6
2
76
10
2
4
76.00%

Grass
5
11
13
60
7
4
60.00%

Zhenjiang Riverfront Post-sponge

69.8%
90.4%

User’s
Accuracy
58.3%
69.7%
75.8%
79.8%
61.5%
85.6%

User’s
Accuracy
71.05%
73.58%
75.25%
78.95%
72.07%
91.30%

User’s
Accuracy
Building
Road
Trees
Grass
PPPA
Water
Predicted
Building
75
7
9
4
20
0
65.22%
Classification Road
15
47
4
2
8
1
61.04%
Trees
2
0
76
5
0
5
86.36%
Grass
3
0
6
84
1
4
85.71%
PPPA
5
2
0
5
71
2
83.53%
Water
0
0
5
0
0
88
94.62%
Producer’s Accuracy
75.00%
47.00%
76.00%
84.00%
71.00%
88.00%
Overall Accuracy =
73.50%
Kappa Coefficient (KIA)
0.701
Table 4.1 The kappa coefficient and overall accuracy obtained from land cover classifications in the study areas
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4.3.

Simulation & Volume Capture Ratio-SWMM

4.3.1. Hydrologic model setup

Figure 4.5 Four study Catchments SWMM model overview

In order to more accurately calculate the potential for runoff and local
implementation of the SCP in the study areas, the results from the GEOBIA mapping
analysis were applied in the SWMM (Fig. 4.5). Since it is acceptable to lump or merge
multiple land cover types into a single SWMM catchment for simplification (Fry and
Maxwell, 2018), each of the major drainage areas was represented by the summary of
smaller subcatchments and based on the extracted land cover classification results from
the previous GEOBIA data analysis of the 2013 and 2017 images.
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Table 4.2 summarizes the parameters assigned to each LID type in the model
adapted from Randall et al. (2019). These parameters were based on the Sponge City
Construction Guidelines (MOHURD, 2014), existing Sponge City studies in China (Yan
et al., 2014; Kong et al., 2017; Mei et al., 2018; Randall et al., 2019; Xiong et al., 2019),
and the SWMM reference manual (Rossman & Huber, 2016).
LID Layer

Parameter

Surface

Berm height (mm)

Pavement

Soil/Media

Storage

Green
Roof
75

Permeable
Pavement
5

Rain
Garden
300

Vegetation volume (fraction)

0.1

0

0.1

Surface roughness (Manning’s n)

0.1

0.05

0.1

Surface slope (%)

0.3

2

2

Thickness (mm)

NA

150

NA

Void ratio (voids/solids)

NA

0.4

NA

Impervious surface (fraction)

NA

0.3

NA

Permeability (mm/hr)

NA

72

NA

Thickness (mm)

150

NA

500

Porosity (volume fraction)

0.4

NA

0.4

Field Capacity (volume fraction)

0.105

NA

0.105

Wilting point (volume fraction)

0.047

NA

0.047

Conductivity (mm/hr)

72

NA

72

Conductivity slope

5

NA

10

Suction head (mm)

20

NA

50

Thickness (mm)

NA

150

NA

Void ratio (voids/solids)

NA

0.5

NA

Seepage rate (mm/hr)

NA

78

NA

NA = not applicable
Table 4.2 LID parameters (Source: Randall et al., 2019, p.745-757)
Note. Reprint from Evaluating Sponge City volume capture ratio at the catchment scale using SWMM, by M. Randall
et al., 2019, Journal of environmental management 246, p.745-757, https://www.sciencedirect.com. Copyright 2019
Elsevier Ltd

In the model development phase, modifications of the Horton infiltration method
were applied based on other recent studies in the three cities. Then the modified method
was deployed to model infiltration. This research includes the modelling of many small
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events with relatively low rainfall intensity, however the Horton Infiltration (Horton,
1940) applied in SWMM is only applicable to events when the rainfall intensity exceeds
the infiltration capacity. To overcome this limitation in this study, the modified form was
applied to increase the reliability for the continuous modelling approach (Akan, 1992).
Additionally, the application of the Geographic Object-Based Image Analysis (GEOBIA)
method in the early phase of research data collection and the analysis contributes to
reducing threats to the validity of this study. The application of the GEOBIA method
allows the researcher to efficiently assign LID factors to the appropriate subcatchments; it
assigns only one land cover type to each subcatchment accompanied by the detailed land
cover data. Results generated from the uncalibrated model was applied to the calibration
process by using SWMM's sensitivity-based radio tuning calibration (SRTC) tool. This
process allows assignment of uncertainties to each parameter and provides a higher
confidence level of the model (Hou et al., 2018). Parameters identified as most sensitive
according to the SRTC tool was prioritized for adjustments to conduct model calibration.
Some researchers have identified several relatively sensitive SWMM parameters (Randall
et al., 2019) and are listed in table 4.3. The final calibrated values of subcatchment
parameters should relative to other hydrological studies focused on the case study areas
in SCP pilot cities. The outcome of secondary data on comparing timing and shape of
observed hydrographs collected from the local water observation stations and the results
were computed by the SWMM model reflecting a satisfactory value.
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SWMM
Parameter

Description

Estimated Range

Flow Width

Width of overland sheet flow (m)

N Imperv

Manning's Roughness of impervious
areas

N Perv

Manning's Roughness of pervious

0.2 to 5× √𝐴𝑟𝑒𝑎

Luan et al. (2017)

0.01 to 0.02

Rossman and Huber,
2016

0.060 to 0.180

Rossman and Huber,

areas (for trees)
N Perv

Reference

2016

Manning's Roughness of pervious

0.040 to 0.120

areas (for grass)

Rossman and Huber,
2016

DStore
Imperv

Depth of depression storage on
impervious area (mm)

1.3 to 2.5

Rossman and Huber,
2016

Dstore Perv

Depth of depression storage on

2.5 to 7.5

Rossman and Huber,

pervious area (mm)
MaxRate

2016

Hortons Maximum Infiltration Rate

30 to 200

(mm/hr)
MinRate

Pan et al. (2015), Chang
et al. (2016)

Hortons Minimum Infiltration Rate
(mm/hr)

0.1 to 20

Chang et al. (2016)

Table 4.3 Most sensitive initial SWMM parameters (Source: adopted from Randall et al., 2019, p.745-757)
Note. Reprint from Evaluating Sponge City volume capture ratio at the catchment scale using SWMM, by M. Randall
et al., 2019, Journal of environmental management 246, p.745-757, https://www.sciencedirect.com. Copyright 2019
Elsevier Ltd

4.3.2. Volume capture ratio of annual rainfall
The annual rainfall and the predicted percentage of captured rainfall each year
from 1988 to 2017 for each case study catchment involved the pre-sponge (2013) and
post-sponge (2017) conditions, including stormwater infrastructure and land cover, are
shown in Fig. 4.6, Fig. 4.7, Fig. 4.8, Fig. 4.9. The pre-sponge scenario in Qingshan,
Sixin, Yuelaixincheng, and Zhenjiang riverfront can’t achieve the targeted 70% of VCRa,
while the post-sponge scenario results mostly are above 70%. This suggests the SCP’s
effectiveness.
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Figure 4.6 Computed annual rainfall captured within the Qingshan catchment from 1988 to 2017 for pre-sponge
(2013) and post-sponge (2017)

Figure 4.7 Computed annual rainfall captured within the Sixin catchment from 1988 to 2017 for pre-sponge (2013) and
post-sponge (2017)

Figure 4.8 Computed annual rainfall captured within the Yuelaixincheng catchment from 1988 to 2017 for pre-sponge
(2013) and post-sponge (2017)
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Figure 4.9 Computed annual rainfall captured within the Zhenjiang riverfront catchment from 1988 to 2017 for presponge (2013) and post-sponge (2017)

Model results of the pre-sponge scenarios suggested an average of 53.5% VCRa
in Qingshan, 63.4% VCRa in Sixin, 45.7% VCRa in Chongqing, and 55.3% VCRa in
Zhenjiang. Among the four catchments, Sixin indicates a higher annual capture ratio, and
in the analysis may be due to 45% of the area was classified as either tree or grass
classification. This represents a relatively high proportional value compared to the other
case study areas in this research. On the other hand, the Chongqing scenario represents a
lower annual capture ratio. This may be a result of Chongqing’s mountainous terrain
while the other three case study catchments are located in the flood plain. Regions with
less rainfall and soils with higher infiltration capacity may represent a higher VCRa.
The results from the simulation in this study is comparable to the findings of
urban runoff investigations in the existing literature and helps to validates this study’s
findings. The results from the continuous modelling in Beijing indicated an average of
59.9% of rainfall can be captured with 45% of the catchment with green areas (Randall et
al., 2019). 50% of the average VCR in a urban study area in Denmark indicated green
ratio at 38% (Lerer et al., 2017).
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The case study analysis in this research indicates: 1) few failures (VCRa<70%)
have occurred in each case study catchments in the post-sponge context; 2) the VCRa
increased between the pre-sponge and post-sponge in the 30-year period simulation
(Table 4.4); 3) larger relative increase occurred in three cases studies: 1) Chongqing (i.e.,
from 44.6% to 70.2%); 2) Qingshan (i.e., from 53.5% to 73.5%), and 3) Zhenjiang (i.e.,
55.3% to 71.4%). While the VCRa increased in Sixin from 63.4% to 71%, the increase is
not comparable with the three other case studies. Firstly, these results highlighted the
ability of the SCP to provide rainfall retention within the case study catchments. The
results indicate all four study areas were able to achieve the VCRa target of 70% in the
post-sponge (2017) scenario. This is a key finding for this study in terms of meeting the
national VCRa metric for determining SCP’s effectiveness.
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Year
Rainfall
(mm)

Qingshan

Sixin

VCRa

VCRa

postSCP
66.90%

PreSCP
65.12%

postSCP
70.67%

Yuelaixincheng
Rainfall
(mm)

VCRa
postSCP
72.93%

Zhenjiang
Rainfall
(mm)

VCRa

1988

1325.8

PreSCP
47.40%

910.2

PreSCP
49.46%

924.9

PreSCP
61.10%

1989

1654.9

54.80%

69.00%

62.23%

68.86%

1254

43.00%

71.43%

1261.3

56.50%

72.48%

1990

1351.2

52.80%

71.40%

68.39%

72.92%

1137.4

46.25%

70.73%

850.3

60.20%

73.43%

1991

1795.2

42.30%

56.50%

54.00%

64.81%

956.7

47.68%

71.97%

1825.8

49.90%

65.12%

1992

1116.4

56.70%

73.00%

66.60%

71.66%

1180.6

41.68%

70.79%

885.2

59.30%

71.90%

1993

1584.6

53.40%

70.60%

63.51%

70.38%

987.4

47.17%

71.15%

1241.5

54.50%

70.57%

1994

1045.4

56.60%

75.70%

65.82%

71.13%

1164.3

41.58%

70.49%

647.9

59.20%

71.22%

1995

1296.3

54.00%

71.50%

67.34%

72.17%

982.5

47.89%

71.90%

770.7

58.90%

71.28%

1996

1319.5

53.70%

70.80%

66.90%

71.86%

923.5

47.53%

71.37%

1213.5

54.90%

72.01%

1997

940.1

58.90%

74.60%

72.12%

75.73%

1398.3

40.49%

70.70%

902.8

58.40%

71.28%

1998

1729.2

45.30%

61.80%

55.10%

65.25%

898.8

51.45%

71.93%

1239

51.90%

70.43%

1999

1380.6

50.10%

67.20%

64.10%

70.01%

1508

42.25%

66.94%

1214.5

49.40%

70.51%

2000

1179.8

54.50%

72.90%

63.12%

71.23%

1305.6

47.84%

69.96%

1029.6

55.20%

72.79%

2001

897.8

61.40%

77.50%

71.18%

75.00%

1010.9

48.22%

73.83%

737.3

66.10%

74.55%

2002

1516.1

54.60%

79.40%

56.30%

73.20%

814.8

53.15%

72.03%

1074.6

55.60%

72.99%

2003

1386.1

55.20%

78.90%

58.23%

73.34%

1430.6

48.75%

61.78%

1658.3

50.20%

66.89%

2004

1572.2

43.20%

71.90%

61.23%

70.20%

1025

44.31%

71.57%

975.1

58.80%

71.28%

2005

1116.3

56.60%

80.30%

64.12%

70.02%

1182.1

41.11%

72.40%

992.3

58.70%

73.21%

2006

1045.3

57.10%

80.20%

64.99%

70.58%

1019.8

41.74%

72.97%

1106.8

59.30%

72.98%

2007

1023.2

56.70%

79.20%

64.99%

70.58%

839.6

45.14%

72.24%

1070.9

58.70%

72.35%

2008

1266.8

56.30%

79.20%

62.13%

70.51%

1439.2

40.38%

69.52%

975

57.90%

72.78%

2009

1158

55.70%

79.20%

65.92%

72.11%

962.7

49.57%

71.02%

1363.5

51.90%

70.39%

2010

1337.9

55.10%

79.20%

58.92%

71.20%

1198.9

48.55%

70.07%

1298.4

53.60%

70.67%

2011

987.2

51.80%

74.40%

70.57%

74.53%

1044.7

44.54%

68.66%

1077

51.80%

72.40%

2012

1415.5

54.70%

76.60%

58.22%

71.20%

837.8

55.29%

71.31%

917.2

55.70%

74.29%

2013

1434.2

52.50%

75.40%

58.92%

70.01%

1104.4

45.36%

69.06%

1023.4

52.60%

71.32%

2014

1208.6

56.80%

81.20%

65.12%

73.04%

1158

44.35%

74.66%

1201.5

58.90%

73.22%

2015

1432.8

53.10%

77.80%

64.60%

70.33%

1617

30.07%

62.22%

2214.9

42.80%

65.92%

2016

1809.6

42.40%

55.50%

53.30%

64.55%

1563.2

31.93%

64.10%

2056.5

44.50%

68.95%

2017

1113.3

62.60%

77.00%

68.81%

73.22%

1447.5

32.15%

65.80%

1378.8

51.00%

71.21%

Average

1314.7

53.54%

73.49%

63.40%

71.01%

1143.45

44.63%

70.18%

1170.95

55.25%

71.39%

Table 4.4 Computed VCRa summary of pre-sponge and post-sponge contexts for each case study catchment
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postSCP
73.23%

4.4.

Stormwater Management Performance Assessment-Hashimoto
The monitoring and evaluation of stormwater management systems have always

been areas of study in the literature. Since the stormwater retained in the SCP is treated as
a water resource, this research adapted Hashimoto’s performance criteria (i.e., reliability,
resiliency, vulnerability) utilized for water resource systems. These criteria, reliability,
resiliency and vulnerability were used to evaluate the urban stormwater systems in the
case study areas during the 1987-2017 simulation period.
4.4.1. Performance indicator
The assessment of water systems has been one of the concerns raised by
researchers in the recent years with several criteria noted in this literature. The
performance criteria analyzed in this study utilized Hashimoto’s (1982) three indices: the
“reliability” of the stormwater management system as a water resource; the “resiliency”
of the system; ; and “vulnerability” in terms of the severity of the potential damage when
a failure occurs. Hashimoto’s (1982) risk-based assessment and the related performance
criteria or indices (reliability, resiliency and vulnerability) provided an analytical lens to
investigate the SCP’s performance. In this study’s interpretation, reliability is
representative of how often a system fails; resiliency is indicative of how quickly the
system can recover from a failure; and vulnerability indicates the severity of the damage
within the context of failure or the system’s failed or non-satisfactory state. These
performance indices demonstrate the significance of a system’s response to extreme
weather events precipitated by climate change. These have been utilized to evaluate ways
an existing or proposed stormwater management system (Booysen, 2002), can perform in
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an uncertain future. The discovery of Hashimoto’s methodology in the literature was key
and it was found to be a critical methodological component for this research.
4.4.2. Evaluations of performance indices
In this study, the operational status of a stormwater management system can be
described as either satisfactory or unsatisfactory and is based on China’s national SCP
guidelines (2014) with the targeted VCRa. The performance of the four case study
catchment area were evaluated through the lens of Hashimoto’s indices (reliability,
resiliency and vulnerability), and compared through the multi-case study analysis.
According to Hashimoto (1982), the effective performance of the system can be
determined by certain standards and indices (reliability, resiliency and vulnerability) set
for implementation. These indices for the four SCP case studies (Qingshan and Sixin in
Wuhan; Yuelaixincheng in Chongqing; and the riverfront district in Zhenjiang) are
illustrated in Table 4.5. This table indicates Yuelaixincheng in Chongqing has the most
failure events in the 30-year simulation, where failure was defined as the observed lower
VCRa value than the national VCRa policy target of 70%.

Qingshan
Sixin
Yuelaixincheng
Zhenjiang

Failure
frequency
6
4
9
4

Recover
frequency
4
4
6
3

Reliability

Resiliency

Vulnerability

80%
87%
70%
90%

67%
100%
66.7%
75%

7.18%
4.13%
3.20%
3.28%

Table 4.5 Performance indices for stormwater management system in case study catchments 1988-2017

Reliability
Qingshan’s catchment value is 80% in terms of reliability. In Sixin’s reliability is
valued at 87%, in Yuelaixincheng catchment is 73%, while in Zhenjiang riverfront
catchment is 90%. In fact, 6 failures were observed in Qingshan, 4 failures in Sixin, 8
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failures in Yuelaixincheng, and 4 failures in Zhenjiang with the occurrence of
precipitation in 30 years. Failures were mostly observed in the years within the 5-10 year
return period rain event(s).
Resilience
The resiliency of stormwater management system in Qingshan was 67% where 4
out of 6 failures were followed by a satisfactory state (VCRa >70%) ; Sixin was 100%
where all 4 failures were followed by the recovery from the system’s failure;
Yuelaixincheng was 87.5%; and Zhenjiang was measured at 75%. These results indicate
more challenges to bounce back from failure, or less resiliency, particularly when the
system faced multiple rain events that exceeded the 5-10 year return period in
consecutive years. For example, Wuhan experienced several major extraordinary
rainstorms in 1998 and 1999, and were reflected in the Qingshan catchment from the
continuous infrastructure system in 1998 and 1999.
Vulnerability
The vulnerability of the stormwater system in the Qingshan catchment indicated a
value of 7.18%. This suggests if a failure occurs the possible exceeded runoff volume is
7.18% of the precipitation. While the Sixin catchment indicated 4.31%, and the values
for Yuelaixincheng and Zhenjiang were 5.35% and 3.28%, respectively. It is important to
note that the vulnerability index was limited to the proportion of precipitation that failed
to be retained in the catchment. The damage from failure was not only dependent on the
amount of urban runoff in the flood event but also the monetary value and number of
people affected by flooding (Veldhuis, 2011). To better understand this economic loss

103

and costs associated with damages caused by flooding, further investigation in a future
research project would be beneficial.
4.5.

Summary
This chapter examined the SCP’s effectiveness in transforming urban drainage

systems into water resources in the case study analysis of the four demonstration districts
in the three SCP pilot cities.
Land cover classifications using GEOBIA indicate the SCP implementation
represent areas with different and varied imperviousness. The impervious ratio of the
land cover indicates an increase due to different physical variables and their
classifications in Qingshan and Sixin (Wuhan), and indicated decreases in
Yuelaixincheng (Chongqing) and the Zhenjiang riverfront.
Hydrologic modelling demonstrated the VCRa correlated with the implementation
of the SCP in the study catchments. SWMM modelling and simulation reveals the
relationship between rainfall patterns and the generated VCRa. This highlights the
increase of the VCRa between the pre-sponge (2013) and post-sponge (2017) conditions
through the 30-year period. It also indicates the VCRa target could be met at the
catchment scale in the post-sponge scenario. Additionally, the research findings indicate
even with the increasing impervious ratio of land cover, the implementation of the SCP
can increase the VCRa in the study catchments. Hence, the case study analysis indicates
the SCP’s targeted VCRa was achievable.
Hashimoto’s risk-based performance assessments highlight the different levels of
performance of stormwater management system through the possible occurrence of
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failure; the ability to recover satisfactorily; and the likely magnitude of a failure, if and
when failure occurs. According to the case study analysis, the urban drainage system
indicated higher reliability in the Zhenjiang riverfront catchment (sponge intervention
within a historical and cultural district). The urban drainage system was more resilient in
the Sixin catchment (farmland development) in Wuhan representing 100% recovery from
each failure event. This can be attributed to the fact that the subterranean drainage system
of pipes in Wuhan’s Sixin district was built under a new city policy that dealt with
climate change and extreme weather events. The urban drainage system indicated higher
vulnerability in the Qingshan catchment (renovation of a post-industrial district), the
second Wuhan sponge district and case study.
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5.
5.1.

CONCLUSIONS

Conclusions overview
This final chapter discusses the conclusions of this research, a study that explored

ways to investigate the effectiveness of China’s SCP. It specifically examined the
Volume Capture Ratio, a key goal and measure of effectiveness defined in The National
Handbook for Sponge City Construction (MOHURD, 2014). As indicated in Chapter 3,
Research Design, this study utilized a mixed methods approach (archival research; case
study analysis; mapping to understand imperviousness in the pre-sponge and post-sponge
contexts; simulation modelling for VCRa; and Hashimoto’s analytical methodology).
This chapter includes a discussion on the study’s limitations, followed by ways it
contributes to the existing scholarly literature. The last part of the chapter discusses
“lessons learned”, including recommendations and the potential for future research. It
also speculates on ways this research could expanded.
To re-cap, this study investigated China’s SCP through the case study analysis of
urban stormwater management and GSI systems in four demonstration districts in three
SCP pilot cities that addressed two primary research questions:
1) How does the application of the Sponge City Program impact land cover change?
2) How does the application of the Sponge City Program impact the volume capture
ratio of annual rainfall at the catchment level?
To respond to research question one, the mapping strategy was utilized for each
case study. Land cover change represented a measure of imperviousness. This involved
analyzing open-source high-resolution satellite imagery (0.5m) and land cover changes of
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the pre-sponge and post-sponge contexts through the GEOBIA method for each case
study. To respond to research question two, the computation of annual runoff volumes
and the 30-year duration of the VCRa were simulated through SWMM. The Hashimoto’s
evaluation criteria (reliability, resiliency and vulnerability) were applied to assess the
performance (pre-sponge and post-sponge contexts) of the study areas in terms of
achieving the national VCRa 70% target. Several conclusions were derived as follows:
Conclusion 1: Urban catchments respond differently to the SCP application or
type of GSI strategy on the level of horizontal imperviousness change, and the
implementation of the SCP may not lead to the decrease of imperviousness in
urban contexts.
Conclusion 2: The SCP can improve the performance of urban stormwater
management systems to achieve a higher VCRa, and the national target of 70%
VCRa was met.
Conclusion 3: The application of the SCP in Zhenjiang’s historical and cultural
redevelopment district indicated higher reliability to achieve the target VCRa.
Where the SCP is applied in the new urbanization development on former
farmland (Sixin district in Wuhan), higher resiliency was discovered and achieved
the target VCRa according to Hashimoto’s risk-based assessment criteria. The
SCP application in Wuhan’s post-industrial (Qingshan) district indicated more
flood damage (failure) as a result of the excess urban runoff. According to
Hashimoto’s methodology, this indicates a relatively high level vulnerability.
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5.2.

Discussion of Findings - Synthesis
The following synthesizes the findings made for each of the case studies and the

various methodologies and metrics. This section interprets the change of imperviousness
in terms of the pre-sponge and post-sponge conditions. It interprets ways effectiveness is
assessed, as well as the effectiveness of the SCP. The mapping and analysis of highresolution land cover data in open-source satellite imagery for each district were
generated. The Geographic Object-Based Image Analysis (GEOBIA) method was
selected to explore the remote sensing technique in the field of stormwater management
based on its great potential identified by existing study (Khin et al., 2016). The results
indicate ways surface details represent imperviousness, and these were incorporated in
the simulation (SWMM) model at the urban catchment scale to reduce uncertainties and
increase validity. SWMM instrument was utilized since it can effectively simulate the
hydrological effects and hydraulic characteristics under different land use conditions as
(Elliot, 2007; Gironás et al., 2010; Rossman & Huber, 2016; Niazi et al., 2017). This
section provides an analysis and synthesis of the results from the land cover classification
and related imperviousness; continuous SWMM modelling and related 30 yr. VCRa; and
Hashimoto’s risk-based performance assessment of the simulated VCRa within each case
study are analyzed and synthesized. Taken together, it provides an analytical and
interpretative narrative of ways this study investigated the SCP’s effectiveness through
the formulation of a novel assessment framework.
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5.2.1. Change of imperviousness – mapping strategy (pre-sponge and post-sponge
contexts)
The results of the case study analysis of the four sites in the three SCP pilot cities
indicated distinctive and various imperviousness changes in the pre-sponge and postsponge implementation contexts. According to the GSI literature, the impervious
surfaces, as a critical factor of the urban water cycle, have altered the precipitation results
in various water flows (Forman, 2014). The implementation goal for the GSI concept and
LID measures (green roofs, permeable pavement, rain gardens, bio-swales, etc.) focused
on decreasing the impervious surface (Kang & Ye, 2015; Randall et al., 2019; Leng et al.,
2020).
The SCP in the findings of this study appear to represent the GSI concept and
related performance. Whereas LID in the SCP implementation strategy was more specific
in terms of individual elements (green roofs, stormwater treatment train – bioswales,
retention/detention ponds, etc.); these appear to contribute to the overall urban hydrology
and “sponge” characteristics of each case study site. Overall, the results suggest even
with the increasing impervious surface coverage represented in Wuhan’s Qingshan and
Sixin districts, the post-sponge scenario indicated an increase of the VCRa (from the presponge of 54% VCRa to the post-sponge of 73% VCRa or 19% increase in Qingshan;
and the pre-sponge of 63% VCRa to the post-sponge of 72% VCRa or 9% increase in
Sixin, Refer to Table 5.1); and provides an understanding of the capture capacity in these
catchment areas.
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In Wuhan’s Qingshan district, (former heavy industrial site) the impervious
surfaces in the pre-sponge context were the streets and sidewalks, parking lots, dense
building footprints, scattered building footprints, and hard paved squares. In Qingshan’s
post-sponge context, a decreased scattered building coverage and increased dense
building coverage were both observed, along with significant road expansion and related
coverage. On the other hand, most of the impervious surface in Wuhan’s Sixin district
(former farmland) in the pre-sponge context were limited to streets and sidewalks with
very few parking lots, and scattered low rise primarily residential buildings on the border
of the farmlands. Sixin’s land use transformed from agricultural to mix-use urban
development. As a result, the impervious coverage increased primarily due to the
construction of new high-rise towers and dense residential and commercial districts on
the former farmland.
Site Name

Impervious
surface
change

Average
VCRa
Change

Qingshan
Sixin
Yuelaixincheng
Riverfront

3%
14%
-7%
-16%

53.54%
63.40%
44.63%
55.25%

Postsponge
Average
VCRa
73.49%
71.01%
70.18%
71.39%

Table 5.1 Summary of results for the four case study catchments

HReliability

HResiliency

HVulnerability

80%
87%
70%
90%

67%
100%
66.7%
75%

7.18%
4.13%
3.20%
3.28%

It is important to note that the objective of the SCP implementation was to
mitigate the negative effects or decrease the percentage of impervious surfaces caused by
urbanization and development sprawl since the 70s. Major findings from the GEOBIA
mapping analysis suggest that the post-sponge built form represented increasing amounts
of impervious surface areas (road, roofs and building fabric) and the decrease in the
amount of paved parking and pedestrian area in most of the case study catchment areas.
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Based on the analysis, the four study areas respond differently to the SCP
application or type of GSI strategy in terms of imperviousness change. The two
catchments in Wuhan presents increasing level of imperviousness while the catchments
in Chongqing and Zhenjiang presents decreasing level of imperviousness. To better
summarize the findings, the four study areas were categorized into two groups, the
renovation of existing urban built-up areas (Qingshan and Zhenjiang riverfront) and the
transformation of former agricultural uses to mixed-use urban development (Sixin and
Yuelaixincheng). See Fig 5.1.
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Figure 5.1 Percentage of Six Classifications of Land cover for each study areas pre-sponge and post-sponge

In the process of the SCP implementation, relevant projects involved the
renovation of existing streets, modifications to housing developments, new and modified
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existing public parks that emphasized water resiliency and sustainability, and partial
renovation of urban infrastructure systems. The objective of the SCP implementation was
to transform the Qingshan demonstration district and Zhenjiang riverfront demonstration
district from a complex of old industrial and residential areas containing shanty towns to
high-rise communities with public parks and open space systems. These high-rise
communities represent less lot coverage in terms of building footprints and more pervious
surface areas represented by the parks between the pre-sponge (2013) and post-sponge
(2017) periods. However, according to the results in the renovation district, the
imperviousness increased in Qingshan and decreased in the Zhenjiang riverfront. The
building classification indicated an increase in Wuhan’s Qingshan district (24% to 34%)
and the Zhenjiang riverfront (27% to 35%) with relatively similar amount of growth.
Results suggested a large decrease of PPPA classification in Zhenjiang (24% to 12%)
compared to Qingshan (16% to 12%). Another contributing factor to the increasing
imperviousness in Qingshan was the road classification (8% to 18%), and may be the
result of the ongoing road expansion projects in this district.
While the SCP application in Wuhan’s Qingshan and Zhenjiang riverfront
districts focused on ameliorating severe flooding and water quality issues through
adapting the existing urban fabric, the SCP projects in Wuhan’s Sixin and Chongqing’s
Yuelaixincheng districts dealt with similar issues. However, due to Sixin’s settlement
pattern as a former agricultural land, the emphasis on ecological urban development or
sustainable development appears to have more potential. The built forms of the Sixin and
Yuelaixincheng pre-sponge contexts were representative of China’s urban village,
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typically a rural setting surrounded by highly urbanized communities (Chen et al., 2009).
According to the results, the imperviousness increased in Wuhan’s Sixin district and
decreased in Chongqing’s Yuelaixincheng district. The former agriculture districts
represent a significant difference in the growth trends of building classifications between
Yuelaixincheng (11% to 17%) and Sixin (22% to 48%). The major reason for this
difference may be due to the different terrain characteristics represented by the mountains
and significant topographic change in Yuelaixincheng, Chongqing and Sixin’s flat or
level flood plain. In comparison Sixin’s urban grid, with its rectilinear built form and
road layout, differ from the size and shapes of Yuelaixingcheng’s city blocks indicating
the influence of the mountainous topography on the slower pace of urban development
and related land cover transformation. The PPPA classification decreased in Wuhan’s
Sixin district (13% to 10%) and increased in Chongqing’s Yuelaixincheng district (20%
to 25%). These are indicative of the relative “saturation” of Sixin’s real estate
development, while Chongqing’s Yuelaixincheng district was noted to have several
major construction activities and development in 2017. The empirical evidence from
mapping imperviousness indicated the 2017 loss of green spaces as represented by the
decreases of the vegetation (tree and grass) classification in both catchments. This is
attributed to the fact that much of the agricultural land was transformed into a residential
and commercial land uses to meet the needs of population expansion and/or create
investment opportunities in Chongqing (population growth of 2 million from 2000 and
2020) with Wuhan representing the population expansion of 3.5 million from 2000 and
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2020. Table 5.2 summarizes the changes to imperviousness in the pre-sponge and postsponge contexts for each case study.
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Imperviousness Change – Mapping methodology
(pre/post sponge)
Qingshan
(Wuhan)

Sixin
(Wuhan)

Yuelaixincheng
(Chongqing)

Riverfront
(Zhenjiang)

The extracted land cover maps indicate the increase of
impervious land coverage. Changes to classifications, land
uses and related land coverage, building footprints,
development density and road expansion contributes to the
increase in imperviousness. The post-sponge context was
post-industrial and transformed from brownfields to mixed
use, primarily residential construction with major
modifications to the road infrastructure (elevated highways
and road expansion) and transportation (high speed national
rail, local and regional light rail, underground city subway)
The extracted land cover maps indicate the increase of
impervious land coverage. Changes to classifications, land
uses and related land coverage, were the building footprints,
increase in speculative residential development and increase
in development density, and additional light industrial uses.
Minimal road expansion was observed in the post-sponge
context. ness. The post-sponge context represents changes to
former farmland and low rise residential uses (urban
villages). The decrease in vegetated land coverage was due
to this urbanization process and mixed-use, primarily
residential high rise development. The land coverage maps
also indicate a pattern of clustered development distributed
across the case study site and city.
The extracted land cover maps indicate the decrease of
impervious land coverage. The post-sponge context
indicated the least increase of building footprint (i.e.,
“Yuelai Eco-city”) and land coverage. This may be due to
the challenges of construction and the unique mountainous
terrain of Chongqing. The overall imperviousness decreased
by 7% in the post-sponge context. The reduction of
imperviousness related to the transformation of the PPPA
(from compacted bare soils and paved surfaces to pervious
surfaces) using GSI control in the SCP application.
The extracted land cover maps indicate the decrease of
impervious land coverage and indicate the redevelopment
concentrated in the older urban area. The building footprint
coverage increased 8% between the pre-sponge and postsponge contexts including new high rise residential
construction on former brownfields (in this study categorized
as PPPA). These maps also indicate some PPPA were
transformed into green open spaces.

Table 5.2 Change of Imperviousness in study sites in the pre- and post-sponge contexts
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Impervious
Ratio
Change
+7%

+14%

-7%

-16%

5.2.2. Effectiveness – Simulation (SWMM) and Hashimoto risk-based performance
criteria
After mapping imperviousness, simulation scenarios were conducted utilizing
SWWM and the results were analyzed through the lens of Hashimoto’s systems-oriented
risk-based performance criteria (reliability, resiliency and vulnerability) with the
objective to determine the SCP’s system performance for each case study. In terms of the
SWMM simulation strategy, recent modelling studies in China did not consider the
physical limitations of the existing built landscape (Randall et al., 2019). This study
contributes to closing this literature gap by applying extracted land cover data from the
GEOBIA mapping as a variable in the SWMM simulation. The resulting values from the
simulated scenarios of the pre-sponge and post-sponge conditions created empirical data
that could confirm the SCP’s effectiveness in terms of reducing urban stormwater runoff.
Effectiveness in this context indicated the surface runoff was absorbed and captured
onsite.
It’s important to note that Hashimoto’s (1982) methodology was broadly riskbased and particularly examined the failure of water performance as part of a resource
system. The SCP’s system performance in this study was represented by the VCRa and
analyzed in terms of Hashimoto’s three criteria: 1) reliability -how likely the generated
VCRa meets the national target for 70% VCRa; 2) resiliency -how quickly it recovers
from failure (VCRa<70%); and 3) vulnerability- how severe the consequences are of
failure (VCRa<70%) may be.

117

The following analyzes and interprets the case studies in terms of Hashimoto’s
three criteria (Reliability, Resiliency and Vulnerability) in his systems-oriented riskbased performance assessment. In terms of Hashimoto’s Reliability, the results indicated
all four study areas were trending toward achieving the national policy VCRa target of
70%. Reliability for Zhenjiang’s riverfront district demonstrated a higher probability than
the three other demonstration districts (90%) See Table 5.3. In terms of Resiliency,
Sixin’s (Wuhan) stormwater management system was measured at the highest level of
100% and determined likely to recover from the damage caused by the last failure. In
rank order of Resiliency, Yuelaixincheng (Chongqing) was measured at 87.5% with
Zhenjiang at 75% and Qingshan (Wuhan) was measured at 67% In terms of
Vulnerability, the results indicate the damages were more severe when the stormwater
management system weren’t able to achieve the targeted 70% VCRa, or when flooding
occurred with Qingshan (Wuhan) measured at 7.18% the highest value. The most
vulnerable was Zhenjiang and represented the lowest value at 3.2% and least vulnerable.
See Table 5.3.
Failure
frequency
Qingshan
6
Sixin
4
Yuelaixincheng
9
Zhenjiang
4

Recover
frequency
4
4
6
3

Reliability
80%
87%
70%
87%

Resiliency
67%
100%
66.7%
75%

Vulnerability
7.18%
4.13%
3.20%
3.28%

Table 5.3 VCRa Performance indices from stormwater management system in study catchment in post SCP scenario

It is important to reiterate the intention of the SCP application as GSI as an
additive blue-green infrastructure layer that emphasized sustainable urbanism (Yu et al.,
2015). It expands the capacity of the sponge district’s existing conventional stormwater
management infrastructure systems by applying GSI blue-green infrastructure as a best
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management practice for buildings and communities, city roads, green spaces and
squares, and watersheds, meeting MOHURD’s (2014) implementation strategy and
national policy. The catchments in the case studies with less urban built-up areas (Sixin,
Wuhan) and differentiated development history and settlement pattern that were
influenced by traditional stormwater management methods incorporating rainwater
harvest (Zhenjiang) indicated stronger reliability and resiliency per Hashimoto’s method.
These indicate that the benefits of the SCP were more applicable in these types of urban
settlement patterns and urban fabric. The catchment areas in case studies with
demonstration districts in more urbanized and densely populated indicated that the
performance of the SCP may not be as effective, and perhaps more vulnerable and less
resilient according to Hashimoto’s risk-based performance criteria.
In interpreting Hashimoto, the optimal situation would be to interpret the SCP as a
designed blue-green infrastructure system that can recover and rapidly return to a
satisfactory state. However, Hashimoto (1982) highlights the tradeoffs among the
expected benefits in terms of reliability, resiliency, and vulnerability. In this context
when efforts to maximize a system’s efficient performance, the system’s reliability can
increase a system's vulnerability causing costly failure when and if failure were to occur.
This study measured the effective performance of the system (four case study areas in
three SCP pilot cities) by utilizing China’s VCRa 70% target metric as a determinant in
Hashimoto’s tripartite criteria (reliability, resiliency, and vulnerability). In this scenario,
the operating policy in Yuelaixincheng may be inclined to introduce more storage
capacity since the reliability of the system is relatively lower compared to the other
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catchment sites. See Table 5.2. In terms of Hashimoto’s (1982) notion of failure,
unpredictable climate change and extreme flood events may create prolonged periods of
water inundation (storm surge, waterlogging, failure of river embankments, etc.) —
rendering a slow recovery and challenges for the system’s performance. In terms of
Hashimoto’s reliability and resiliency, the case study results for Yuelaixincheng
(Chongqing) indicate 66.7% and represents the lowest resiliency value in terms of
inability to achieve the target VCRa when compared to the three other case study
catchments. This implies improvements to the broader urban stormwater management for
the catchment area in Chongqing.
Hashimoto’s vulnerability index indicates the significance of the system’s ability
to cope with failure. In terms of flood control management, Kitson (1979) notes the
exceeded volume of runoff increases the possibility of urban flooding in the management
system, and the need for considering scenario-building and simulation models to avoid
system failures in operations. In this study, for example, Qingshan (Wuhan) represented a
catchment with higher vulnerability value; and this suggests it may need more
infrastructure investment and directed operational and management strategies that
decrease vulnerability, and include the costs of damages caused by flood events. This
may include early warning systems, flood insurance, and flood-proofing of structures
(Hashimoto et al., 1982). In this study, Wuhan’s Qingshan catchment indicates the
highest value in terms of vulnerability (7.18%) and could benefit the most from these
investments compared to the other catchment cases.
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According to meteorological data, the average annual rainfall of cities across the
country in the past 20 years is not much different from the previous 20 years. However, a
continuous rainfall that is not typical of the wet season and represents extreme weather
created by climate change, can account for 30 to 70% of the average annual rainfall.
While the meteorological data appears to not indicate major differences in terms of
annual precipitation, the 30% to 70% metric representing continuous rainfall (extreme
weather) is problematic for a system’s performance. Performance of the SCP pilot cities
could also be challenged by the broader Yangtze River basin in the weather scenario of
sudden and frequent continuous heavy rainfall when the water levels surge and
potentially exceed the river’s watershed catchment area.
In summary, the findings of “reliability, resiliency, and vulnerability” through
Hashimoto’s lens indicated a level of effectiveness in this study. Hashimoto’s (1982)
approach also considered the broader external variables and systems approach to the
performance of water as part of a larger system. Through utilizing SWMM for
hydrological modeling and adapting Hashimoto’s theory, this study contributes to filling
the gaps in the literature in terms of the SCP’s assessment at the large catchment scale. In
this light, the SCP’s performance assessment can be comprehensively expanded to
consider the broader hydrological and ecological system along with the broader
watershed performance.
5.2.3. Synthesis and Lessons Learned
Overall, this study represents a novel mixed-methods approach that created an
analytical framework for assessing the SCP. As indicated earlier the key measure
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explored and tested was the national target 70% VCRa set by the State Council. The presponge and post-sponge contexts were examined in terms of imperviousness through
mapping, and the SWMM simulated VCRa scenarios for the case study districts. The
application of Hashimoto’s risk-based performance criteria was considered in the last
phase of the analysis. The following synthesizes the findings and lessons learned.
This study has expanded the literature on utilizing the GEOBIA method in the
field of stormwater management (Hay et al. 2001; Blaschke, 2010; Chen et al., 2017;
Cleve et al., 2008; Myint et al., 2011; Knin et al., 2016) by further exploring its potential
for generating data that represented the existing landscape condition. The relationship
between impervious coverage and the SCP implementation was discussed in this
research. The impact of the SCP may have limited effects on the impervious surface
change in the study sites in terms of the pre-sponge and post-sponge contexts. However,
the VCRa results suggests that the SCP has improved the capacity of the urban drainage
system regardless of whether the implementation of the GSI reduced the impervious
coverage in the study sites. Previous studies on GSI and stormwater management (Booth
and Jackson, 1997; Wilson and Chakraborty, 2013; Larco, 2015) indicate imperviousness
is an important indicator for studying the impact of rapid urbanization with the
implementation of conventional stormwater management system. However, the results
from this research indicate that through the application of China’s SCP as a type of GSI
application, the total impervious area in the urban catchment may no longer be an
accurate parameter for estimating the performance of urban stormwater management and
the impact of urbanization. The impact of the total coverage of impervious areas
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indicated a fraction of imperviousness. Therefore, additional or alternative metrics for
imperviousness that are affected by the built-form (i.e., building typologies, road layout
that depending on topographic characteristics, green area) could expand and reinforce this
study and further contribute to understanding SCP’s effectiveness and efficacy.
The case study pilot cities represent major economic Chinese cities expected for
future expansion and population. It is anticipated that these three SCP cities (Chongqing,
Wuhan and Zhenjiang) will expand its current urban footprint and areas of land coverage
and continue along a path of increasing urbanization according to their 10-year urban
development strategy. The results from the four study sites indicated an increase of the
VCRa capacity regardless of the changes to the impervious coverage ratio. This
highlights the role of imperviousness in the performance of the SCP as a GSI for
stormwater management, and implies a level of the SCP’s effectiveness. Imperviousness
also represents the ongoing urbanization and land use and related land cover change in
the three SCP pilot cities.
This research adapted Hashimoto’s indicators (reliability, resiliency and
vulnerability) in his risk-based performance assessment to investigate the significance of
the SCP’s system characteristics and its relevance to the system’s performance. The three
indicators from Hashimoto’s risk-based performance assessment applied in this research
emphasized a systems approach for analyzing the SCP’s stormwater management,
particularly as a GSI strategy. The results from the four case study sites suggested that
system failures (VCRa<70%) still occurred even in the post-sponge scenario.
Additionally, several continuous failures were observed from most of the catchments.
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These results indicated the significance of the SCP in China’s adaptive urbanization
process and appears to be trending towards
capacity-building for urban resiliency. This also reinforces the theory of water resilience
and sustainable urbanism, in terms of the concept of stormwater as the development of
natural resources (Mitchell, 2006; Yu et al., 2015; Fletcher et al., 2015). The
methodology in this research contributes to expanding the concept for “effectiveness” in
landscape and urban planning evaluation research through the formulation of a novel
assessment framework. This study highlights a new perspective where effectiveness
should not be envisioned as a durable, stable system that could persist for generations;
but can anticipate failures for new resilient systems that strategically contain and
minimize failure. The application and interpretation of Hashimoto’s tripartite
methodology offers a new perspective to evaluate the effectiveness of the SCP, the
equivalent of urban stormwater management systems, as a resilient and sustainable tool
for dealing with climate change and environmental risk.
5.3.

Limitations
The methodology presented in the four case study sites in this study demonstrate

real-world stormwater management within designated catchments combined with the
SCP policy assumptions. The application of the SCP, a hybrid of western GSI and best
practices for urban stormwater management is likely to face challenges in the
implementation process such as limited investment and technical support. Therefore,
future SCP studies should consider various factors in terms of the levels of GSI
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infrastructure and related investments for the SCP implementation in the urban
catchment.
The GEOBIA approach and remote-sensing mapping strategy provided an
accurate output of classifications (i.e., building, road, PPPA, etc.) in terms of resolution
that were critical to this study’s hydrologic modelling. Extracting land cover data (presponge and post-sponge contexts) through the GEOBIA approach and mapping tools
utilized for this study was relatively basic when compared to other studies that have
utilized remote-sensing techniques; and the potential to achieve higher accuracy using
same satellite imagery was expected. There still remains a high level of uncertainty
associated with the SWMM modelling of the GSI impacts within the study areas due to:
1) the limited access to infrastructure data and the SWMM model is currently not suitable
for detailed flood assessment; 2) the uncertainty of the infiltration performance of
compacted urban soil that was not addressed in the study; and 3) the various areas within
the catchments weren’t readily compatible with definitions of the six land cover
classifications determined for this study (i.e., in a few cases, especially in Yuelaixincheng
with more ongoing constructions, the bare soil areas were classified as “PPPA”). Hence,
additional classifications or categories should be derived and considered to add rigor to
this study.
Since the application of the SCP in this dissertation was focused on the
development before and after 2015, the discussion on major land use changes in the three
cities were limited to the SCP demonstration districts. As such, this limits the study in
terms of the overall effectiveness of each city’s stormwater management and flood
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control. However, since the SCP is one of China’s many urban-oriented policies
involving “green transformation” strategies, this study can’t rule out the potential
influence of other ongoing national-level implementation programs and policies like Ecocity, Ecological Garden City, Carbon City, among others, as well as general city
improvement projects like road expansion or redevelopment of urban districts. These may
affect the land cover change and coverage in the case study demonstration districts. It
was also important to address the implied limitations created by the existing layers of the
conventional conveyance system of subterranean drainage pipes. Hence, the study can be
expanded with field research and observations of the existing drainage pipe system in the
case study areas.
Finally, the case study method in this study is limited to four demonstration areas
in three SCP pilot cities with control variables (i.e., population, size, GSI application).
This makes it difficult to generalize conclusions with little basis for scientific
generalization regarding the 27 SCP pilot cities (30 designated SCP cities) and
internationally for cities around the world that have implemented GSI and similar sponge
city applications (Yin, 1984).
5.4.

Contributions
The mixed-methods approach, analytical framework and research findings in this

study provided a novel assessment of China’s SCP. The SCP in this study is broadly
interpreted as a type of hybrid blue-green infrastructure adaptation of the GSI and
western best practices for stormwater management. This study revealed new tools and
explored water-related evaluative methods for designers, planners, and policy-makers to
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consider for assessing the application of GSI in stormwater management in this period of
ongoing climate change.
The land cover classification and VCRa values determined in this research were
applied only to the four case study areas in Wuhan, Chongqing, and Zhenjiang, China.
Due to the limitation of the four case study sites in the three designated SCP pilot cities,
the results might be difficult to provide the basis for generalization across China’s SCP
and any sponge city or sponge district internationally. However, the increasing
availability of historical meteorological data, high-resolution satellite imagery, and
elevation data, provide more opportunities to apply this study’s novel assessment
framework to investigate and further analyze the other SCP (13 of the first batch of 16
and the second batch of designated sponge cities) catchment areas in terms of long-term
rainfall capture ratio, and Hashimoto’s indices for reliability, resiliency, and vulnerability
in terms of SCP’s effectiveness after implementation. The findings were analyzed and
synthesized through the novel performance assessment framework for the three case
study sponge cities and can be utilized for sponge cities throughout China and other
nations that consider VCRa as a significant metric. The findings represent the
researcher’s investigation of the effectiveness of China’s SCP, particularly as the nation’s
resilient climate-active strategy and transition to improving best management practices
for urban stormwater management, sustainable water management, particularly at the
eco-regional and watershed scale.
The result of this research contributes to: 1) the SCP literature, particularly
performance assessment and its effectiveness through the formulation of a novel
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analytical and methodological assessment framework; and 2) the literature on urban
stormwater management and rainwater harvest including systems assessment, water
resources, flood control practices, and urban watershed development. This study expands
the theory and practice of remote sensing and machine learning, particularly changes to
land coverage classification (GEOBIA and eCognition software) as a specific variable for
generating urban hydrologic models. The mixed methods (archival research, case study
method, SWMM simulation, and Hashimoto’s risk-based performance assessment)
utilized for this research contributes to innovations in research design, especially for
multidisciplinary research on the built environment. This study revealed the significance
of the VCRa in assessing the SCP’s effectiveness at the catchment scale, and
acknowledged the retention and harvesting of rainwater as one of the SCP’s five primary
goals. Furthermore, the utility of this study contributes to green policy-making for
China’s current and future urban development and potentially other nations.
China's SCP set ambitious goals for the VCRa, yet limited research has been
conducted to test whether these goals can be achieved at the catchment scale. This study
contributes to closing this knowledge gap. Current research on the VCRa evaluation
method (Randall et al., 2019) mainly focused on the design event volume, and factored
into the calculation of the storage volume required for individual LID controls (Song et
al., 2021) on the site scale instead of at the catchment level. It’s important to point out
that LID and GSI in this literature are conflated and appear to be used synonymously in
China’s SCP documents (MOHURD, 2014). Furthermore, the methods applied in this
study and the findings create a benchmark for each of the four case studies, as well as for
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future investigations and analysis of the other 27 SCP pilot cities. It also serves as a
benchmark for analyzing the impact of the SCP implementation at the urban (city-level)
catchment scale, assuming the rainwater retention, harvest, and water re-use continue as
national priorities for the SCP implementation strategy.
5.5.

Recommendations for Future Research
This study revealed the effectiveness of China’s SCP performance in terms of the

level of imperviousness between the pre-sponge and post-sponge contexts, achieving the
national target metric of 70% VCRa through the GSI application. The research design
incorporated a mixed methods approach: archival research, case study analysis; mapping;
hydrologic modelling and SWMM; and Hashimoto’s tripartite risk-based assessment
method. Taken together, this study formulated a new assessment strategy and evaluation
tool for exploring and investigating the performance and effectiveness of the SCP.
The results of this study suggest the following future studies may expand and
reinforce this work, as well as deepen an understanding of the SCP:
1) Further case study analysis to increase validity and reliability.
Since the performance of GSI practices is very site specific, the obtained results
should be further evaluated through case study analysis of the SCP (catchments in
the 27 SCP pilot cities). These additional case studies can consider China’s other
major river basins (Yellow, Pearl, Huai, Heilong, Songhua, etc.) and secondary
watersheds that represent different climates and soil infiltration capacities. These
variables can potentially expand the analysis in terms of the metrics considered in
developing the evaluation and analytical framework for this dissertation. The
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investigation of other SCP pilot catchments will continue to expand the discussion
on the SCP’s effectiveness in terms of urban imperviousness and the VCRa.
Therefore, future research on the effectiveness of China’s SCP and its
performance evaluation will create more validity and increase reliability in terms
of this study’s finding and analytical framework, as well as deepening an
understanding of the SCP, part of China’s myriad of green urbanization strategies.
2) Additional variables in the assessment methodology to increase validity and
deepen this study’s rigor.
Variables for climate change is anticipated to be unpredictable given the metrics
for understanding global warming and climate change is constantly shifting (i.e.,
change of rainfall pattern) Field observations can cross verify results from the
simulation models. The economy and its impact on urbanization (slowing or
accelerating) are variables to consider, given the impact on land coverage and
related soil infiltration, urban stormwater runoff, and road expansion.
3) Study on economic and human costs associated with extreme flooding events.
According to the results, the indices provide preliminary findings with limited
recommendations on stormwater management systems design. Future research
can benefit from the study of other catchments (non-sponge districts) as a control
group to investigate economic loss and other costs (property damage, mortality
rates, human health and well-being) associated with flooding and extreme weather
events. These studies can contribute to the research on the evaluation of the SCP
from an economic perspective.
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4) Evaluate the interrelationships of surrounding areas and regional contexts
adjacent to the SCP, especially urban and natural hydrological systems
According to the characteristics of the multi-objective, units of analysis, and
system composition of China’s sponge city construction, the SCP in the
government is limited. This study suggests future research could consider the SCP
as part of a “big sponge system” that considers the regional basin and watershed
scale. In this context the sponge can be examined as a comprehensive system and
could demonstrate effectiveness and the performance of stormwater management
and flood control systems in urban and rural areas.
5) Tying the SCP into a comprehensive strategy for blue-green infrastructure and
water resource management at a national level.
This would entail an in-depth study of the performance of China’s various
“green" urban-rural national initiatives that cross various degrees of “people-first”
strategies including conservation of natural resources (four national parks),
environmental restoration, urban ecology, (Eco-city, Carbon, Ecological Garden
City, Water Conservation City, “Smart City”, Pastoral strategy, among others).
6) Built form rural vs urban morphologies integrated with GSI
China’s rural areas have developed rapidly in the last 10 years with remarkable
changes in the built environment where the sustainable implementation and
regulations remain weak compared to urban areas. As the SCP implementation
expanded its scope beyond the urban region, it is important to study the
differences between rural and urban built forms and ways these will respond to

131

GSI. This will demonstrate effectiveness and the performance of stormwater
management. Future studies will reinforce SCP’s effectiveness demonstrated in
this research, and the significance of the sponge as blue-green infrastructure
(hybrid of GSI) for urban resilience and best sustainable management practices.
In summary, this final chapter on the conclusions of this original research, its
findings and the formulation of a novel assessment framework contributes broadly to
landscape architecture research and studies in the built environment. In the landscape
architecture literature, it invigorates and brings to light the significance of China’s SCP
blue-green infrastructure, especially within a sub-area known as landscape performance
that deals with stormwater management. Benchmarks for future evaluation-based
research on China’s 27 other SCP pilot cities were established in this study. It highlights
ways that China’s SCP hybridized urban stormwater infrastructure evolved as an
effective additive performance layer of the blue-green sponge to the existing subterranean
conveyance system of pipes (so-called gray infrastructure), and in terms of achieving
national goals to mitigate flooding and storm surge from extreme weather events. It
creates new empirical-based knowledge for understanding resilient and sustainable
urbanism, water resilience and urban hydrological systems within China. It provokes the
need to deepen studies of China’s built environment, especially ways the blue-green
sponge layer contributes to their built form; and specifically analyze ways perviousness
or porous horizontal surfaces and the ground plane can be attributed as a positive impact
on dealing with climate change.
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APPENDICES
Appendix A
Details of Investigation Mapping Results from GEOBIA
Qingshan Land coverage Map pre-sponge (2013)
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Qingshan Land coverage Map post-sponge (2017)
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Sixin Land coverage Map pre-sponge (2013)
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Sixin Land coverage Map post-sponge (2017)
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Yuelaixincheng Land coverage Map pre-sponge (2013)
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Yuelaixincheng Land coverage Map post-sponge (2017)
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Riverfront Land coverage Map pre-sponge (2013)

139

Riverfront Land coverage Map post-sponge (2017)
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Appendix B
SCP Pilot Cities
Area
(sq mi)

Population
(million)

Annual Precip
(mm)

31776

31.02

1200

3280

11.08

1270

1482

3.19

1100

Luan River

474

0.81

700

River Front

Yellow River

3956

8.7

670

1

River Front

Qihe River

842

1.63

550

Xixian

1

River Front

340

1.3

970

Gui’an

1

Lake Front

181

0.26

1110

Suining

1

River Front

Fu River

2056

3.63

930

Changde

1

River Front

Yuan River

7023

5.28

145

Chizhou

1

River Front

Yangtze River,
Qiupu River

3629

1.34

1550

Pingxiang

1

River Front

Pingshui River

1476

1.8

1600

Nanning

1

River Front

8567

7.25

1300

Jiaxing

1

Coastal

1548

3.67

1240

Xiamen

1

Coastal

South China Sea

657

4.29

1330

Baicheng

1

No major
water body

N/A

9916

1.88

400

City

Tier

Type

Chongqing

1

Wuhan

1

Zhenjiang

1

River
Front

Qian’an

1

River Front

Jinan

1

Hebi

River
Front
River
Front

Major
Waterbody
Yangtze River,
Jialing River
Yangtze River,
Han River
Yangtze River,
Jiajiang River,
Jinghang
Yunhe

Fenghe
River,Wei River
Wangguan
Reservoir,
Hongfeng Lake

Yong River,
Xiangsi Lake
South lake,
Qiantang River,
Huancheng
River
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Dalian

2

Coastal.

Beijing

2

No major
water body

Tianjin

2

Coastal.

Qingdao

2

Coastal.

Qingyang

2

Guyuan

Bohai Sea,
Yellow Sea
Yongding
River, Chaobai
River,
*Liangshui
River

5111

7.45

700

6336

21.54

630

Bohai Bay

4541

15.62

575

Yellow Sea,
Dagu River

4273

9.05

440

No major
water body

N/A

10471

2.27

560

2

No major
water body

N/A

5565

0.37

400

Xining

2

River Front

2933

2.31

365

Yuxi

2

River Front

5902

2.39

900

Ningbo

2

Coastal

3790

8.2

1480

Shanghai

2

Coastal

Yellow Sea,
Yangtze River

2448

26.32

1160

Fuzhou

2

Coastal

Minijiang River,
Taiwan Strait

4723

7.74

1500

Shenzhen

2

Coastal

South China Sea

792

12.59

1930

Zhuhai

2

Coastal

South China Sea

666

2.02

2090

Sanya

2

Coastal

South China Sea

741

1.03

1870

Huangshui
River
Qujiang River,
Dongfeng
Reservior
Hangzhou Bay,
Yuyao River
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